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Abstract

Jim Hribar

Capillary Gradient Chromatofocusing-Electrospray Ionization Mass Spectrometry
A Sensitive Approach for Protein Analysis
Gradient chromatofocusing-mass spectrometry is a new technique for protein analysis
recently introduced by our research group. Capable of separating and identifying
proteins according to pI values and molecular weight, gradient chromatofocusing-mass
spectrometry has been achieved by integrating a new ion-exchange chromatography
technique called gradient chromatofocusing with a newly discovered buffer system that
promotes mass spectrometry detection. Differing from traditional ion-exchange
chromatography techniques, gradient chromatofocusing employs specific low molecular
weight, volatile buffer components that are introduced onto an ion-exchange HPLC
column by programming a binary gradient pumping system to deliver the correct
proportions of acidic mobile phase to overcome buffering of the column’s stationary
phase initially equilibrated with a basic mobile phase thus creating a linear pH gradient
through the column. Offering greater control of the slope of the pH gradient and
improving separation capabilities through usage of buffers at higher concentrations,
gradient chromatofocusing buffer systems offer compatibility with mass spectrometry
detection that is not possible using polyampholyte buffers commonly used with
traditional ion-exchange chromatography techniques. This compatibility led to the first
reporting of ion-exchange chromatography being interfaced with mass spectrometry by a
previous group member who used a 2.1 mm i.d DEAE weak anion-exchange column and
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a 25 mM buffer system consisting of ammonium bicarbonate, pyridine, lactic acid and
acetic acid. Furthermore, the focus of this dissertation will be to develop an optimized
capillary gradient chromatofocusing-mass spectrometry system (Chapter 4) capable of
detecting at the low-levels associated with proteomics by miniaturizing the HPLC system
(Chapter 2) and effectively operating with the lowest buffer concentrations possible to
generate linear pH gradients to promote compatibility with the mass spectrometer
(Chapter 3).
Similar to capillary gradient chromatofocusing, other commonly used protein
characterization techniques separate proteins according to charge before determining the
molecular mass by introducing analytes into a mass spectrometer preferably using
capillary chromatography. Advantages and considerations for using capillary columns
will be discussed in Chapter 1. In Chapter 2, sensitivity gains and detection limits were
compared for various DEAE weak anion-exchange columns with inner diameters ranging
from 255 µm to 508 µm using UV detection. Comparison of sensitivity gains using 255
and 508 µm i.d. columns gave results as theoretically expected. Novel to the completion
of the work in this study is the packing of PEEK columns in-house using a pressurized
column packing technique and development of an on-line pH measurement system for
measuring pH gradients prior to analysis of proteins. In Chapter 3, various trials of
generating linear pH gradients with various buffer systems are displayed with goals of
selecting a buffer system with the lowest concentrations of buffer components possible to
promote mass spectrometry compatibility. Linear pH gradients were achieved by
reducing concentrations of the initial buffer system composed of ammonium bicarbonate,
pyridine, lactic acid and acetic acid from 25 mM to 10 mM by trial and error
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programming of the gradient system. Efforts were also directed towards including
additional buffer components such as collidine to minimize pH drops in unbuffered
regions of the gradient resulting from reduced buffering capacity when reducing buffer
concentrations. Capable of providing the buffering capacity needed to generate linear pH
gradients, the buffer system containing collidine was not used based upon inaccurate pK
values determined for proteins, undesirable UV absorbance and shortened lifetime of
columns due to incompatibilities with this buffer component. In Chapter 4, the optimized
capillary gradient chromatofocusing system using a 255 µm i.d. DEAE weak anionexchange column with a 10 mM ammonium bicarbonate, pyridine, lactic acid and acetic
acid buffer system was defined and interfaced with an electrospray ionization triple
quadrupole mass spectrometer for detection. Significant improvements are emphasized
using the optimized capillary gradient chromatofocusing-mass spectrometry system
opposed to the gradient chromatofocusing-mass spectrometry system initially introduced.
Detection limits have been reduced significantly and pK values were determined using
the optimized capillary GCF-MS system thus showing the utility of this qualitative and
quantitative tool in the field of proteomics.
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Chapter 1 Introduction
Recent advancements in modern medical and life sciences have been achieved by the
successful completion of the sequencing of the human genome. The completion of this
task has led to the exploration of the proteome. More challenging than exploring the
genome, complexities are introduced as the proteome defined to be the complete set of
proteins expressed by a given cell is dynamic as opposed to the static genome. Hundreds
of thousands of proteins are believed to be derived from the 30,000 genes from the
human genome. (1) These proteins may interact with one another or undergo posttranslational modifications. Disease states may be evident by observing structural
modifications of proteins and also the levels of proteins expressed in normal and diseased
cells. Efforts are being made to identify thousands of proteins that may be contained
within a single cell and gain insight about their interactions as a means to improve drug
development and treatment strategies for diseases. Sensitive protein identification and
characterization techniques are essential to identify the components of cellular systems.
Proteins have been qualitatively and quantitatively analyzed since the mid 1970’s using
separation techniques to include 2D gel electrophoresis and high performance liquid
chromatography (HPLC). (2,3) However, it wasn’t until the introduction of matrix
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assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) in the late
1980’s that the full potential of these separation techniques was realized. (4-6) Allowing
ionization of large biomolecules from non-volatile liquids, MALDI and ESI made it
possible to detect peptides and proteins using a mass spectrometer. Preferred due to the
ability to directly combine separation techniques such as high performance liquid
chromatography and capillary electrophoresis with mass spectrometry in an on-line
format, capillary columns are commonly used with electrospray ionization techniques.
Providing essential information imperative for evaluating complex cellular systems with
high throughput, a large growth of applications using capillary chromatography
separation strategies interfaced with mass spectrometry detection occurred.

1.1 Capillary chromatography
While capillary columns have been available since HPLC emerged in the mid to late
1970’s, their usage was uncommon until recent needs for greater sensitivity in biomedical
applications grew in significance. Driving the development of instrumentation and
separation techniques towards smaller scaled systems, the number of applications using
capillary chromatography has grown significantly with the ability to analyze large
biomolecules using mass spectrometry. (7-10) Forces driving trends towards using
capillary columns with smaller inner diameters include analysis of biological samples
available in limited amounts, use of flow rates that are compatible with mass
spectrometry and reduced solvent consumption. (11-14)

1.1.1 Capillary chromatography advantages

2

Advantageous for analysis of samples available in limited amounts, capillary columns
amplify peak concentrations obtained using conventional columns. (12) This
amplification results in sensitivity gains by reducing the volume of mobile phase
containing eluting peaks. Sensitivity gains shown in Table 1 are theoretically determined
by a factor f defined in equation 1.1. (15) This equation applies when reducing the
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f ≈ d12 …..(1.1)
d2

diameter of a column from d1 to d2 while keeping the amount of material injected and
linear velocity of mobile phase flowing through both columns constant.
Flow rates used with capillary chromatography systems promote mass spectrometry
detection. Unlike the high flow rates used with conventional HPLC systems, flow rates
associated with capillary systems enhance sensitivity. Capillary chromatography systems
allow columns to be directly configured to mass spectrometers therefore preventing the
loss of sample that occurs when flow splitting is required to reduce the larger flow rates
associated with columns of larger diameters. Minimization of flow rates achieved by
using columns with smaller diameters further reduces the amount of solvent that needs to
be vaporized when introducing analytes into a mass spectrometer by means of
electrospray ionization. The reduced efforts acquired when introducing solvent using
capillary columns increases ionization efficiency thus leading to enhanced sensitivity.

1.1.2 Capillary chromatography considerations
Sensitivity gains resulting from using capillary columns is due to peak concentration.
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Table 1. Comparison of column types. Various types of columns are categorized
according to their inner diameter. Shown in Table 1 are the various flow rates,
ranges of samples introduced onto specific columns and detection enhancement
theoretically associated with each column type.
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This concentration effect is due to the reduction of mobile phase volumes that contain
eluting peaks. As reduced flow rates are required to maintain constant linear velocity
through columns with smaller inner diameters, careful consideration of limitations of
pumping systems and dwell and extra column volumes before and after the injector must
be taken into account to accurately deliver gradients while minimizing band broadening.

1.1.2.1 Extra column band broadening
Band broadening is a term that represents the spreading of a peak as it migrates through
the column and all of the external components included in the chromatography system.
Band broadening is represented by the summation of the variances of the column and
extra column components of the system as shown in the equation 1.2. (16) Excluding

σ2 = σ2column + σ2extra column vol …..(1.2)

the inherent contribution of band broadening associated with the column, undesirable
band broadening associated with the extra column volume of the system defined in
equation 1.3 becomes significant by increasing the width of an eluting peak by

σ 2 extra colume vol = σ2injector + σ2tubing + σ2fitting + σ2detector …..(1.3)

approximately 10% when the extra column volume is larger than 1/3 of the peak volume
of the first peak eluting from the column. (17) Representing the band broadening of the
column and the system, peak volumes decrease when reducing the diameter of columns
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therefore restricting the amount of extra column volume even further to avoid loss of
chromatographic performance. Volumes of components such as injectors, tubing and
detector flow cells that were once negligible when using columns with larger diameters
must be taken into consideration.
Often contributing most significantly to extra column volume is the volume associated
with UV detector flow cells. (14) Based on the criteria that the volume of the detector
flow cell should be less than 10% of the peak volume of the least retained peak, flow cell
volumes become significant due to the reduction of peak volumes resulting from usage of
columns with smaller diameters. If theoretically considering peaks eluting from
conventional and narrow bore columns with widths of two minutes, extra column
broadening would be insignificant using commercial HPLC systems commonly
configured using 8 µl flow cells. However, loss of chromatographic performance would
be expected using the same flow cell when further reducing column diameters using
microbore and capillary columns due to dilution of eluting peaks with decreased peak
volumes. Avoided by manually changing the flow cell to one with a reduced volume,
extra column band broadening can be eliminated. Semi-micro and micro flow cells with
volumes ranging from 2 µl to 3 nl are commercially available for use with microbore and
capillary columns, respectively
In addition to detector flow cell volume, other sources of extra column volume
including the injector and segments of tubing connecting various components of the
HPLC system must be considered when using microbore and capillary columns. Tubing
diameters must be kept to a minimum to permit solvents to flow without clogging but
must be long enough to connect components of the system. Volume of the system can be
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further minimized by connecting inlets to detectors with tubing using zero dead volume
unions. Negligible when samples are eluted from columns using gradient analysis,
injector loop volumes are insignificant due to the concentration of analytes onto the
column but should be minimized to avoid excessive dwell volumes.

1.1.2.2 Dwell volume
Dwell volume can be defined as the volume of the HPLC system from the mixing
apparatus where buffers delivered from multiple pumps in a gradient pumping system
initially mix to the top of the column. (18) Typical dwell volumes for most HPLC
systems commercially available range from 0.25 – 2 ml. Negligible when using 1 ml/min
flow rates with conventional HPLC columns, dwell volumes become significant when
large time delays for gradient delivery can theoretically be expected when flow rates are
reduced when using microbore and capillary columns. Delays of 10 – 40 minutes can be
expected if the dwell volume of an HPLC system configured with a microbore column
operated at a flow rate of 25 µL/min is between 0.25 mL – 1.0 mL. Undesirable due to
excess time required for buffers to travel from the pump to the column and poor gradient
accuracy due to introduced dead volume, dwell volume can be reduced by minimizing the
lengths and diameters of connecting tubing between the mixer, injector and column,
replacing standard mixers with volumes between 100 – 500 µL with low volume mixers
with volumes between 1 and 10 µL and also using specialized injectors with reduced
injection loop volumes as low as 5 ul compared to conventional loop volumes ranging
from 0.100 – 1.0 mL.
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1.1.2.3 Gradient pumping systems
To prevent loss of column performance when using capillary columns, flow rates must
be reduced to maintain constant linear velocity through columns with smaller diameters.
Flow rates used with capillary columns range from 1 – 15 µL/min. Exceeding the
limitations of conventional pumping systems commercially available, accurate delivery
of flow rates commonly used for gradient analysis are commonly achieved using flow
splitting techniques or syringe pumps. (17)
Flow splitting is still commonly used today in laboratories to accurately deliver lower
flow rates to capillary columns. Splitting flow can be achieved by placing a backpressure regulator or a long piece of fused silica tubing to restrict flow at the splitting
point of a tee before the injector of the HPLC system. Providing an outlet for additional
back pressure to be relieved or flow to be split from the flow directed to the column,
conventional pumping systems can be operated using higher flow rates required for
accurate delivery of gradients. The portion of flow delivered to the column is dependent
upon maintaining a constant split ratio. Problematic for maintaining delivery at a
constant rate to the column, split ratios often fluctuate due to changes in viscosity when
buffers are introduced in different proportions during gradient analysis and due to
invariable flow through the column end of the split where build up occurs in the intra
particle volumes and at the frits of the column after repeated injections.
Low flow rates used with capillary columns have also been generated using syringe
pumps. Offering controlled delivery of solvents without interruptive pulses common
with reciprocating pumps, syringe pumps can directly deliver lower flow rates for use
with capillary columns. Providing accurate gradient delivery at capillary flow rates,
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syringe pumps are limited by the capacity of the syringes. Requiring refilling, syringes
used for delivering solvents to columns are disadvantageous due to losses of pressure that
take time to be reestablished when refilling syringes.
Difficulties maintaining constant flow rates using flow splitting and syringe pump
configurations are being addressed with development of commercial HPLC systems
capable of delivering microflow rates. Differing from flow splitting strategies still
commonly used today, improved gradient pumping systems are being developed using
electronic flow control which regulates the split ratio in real-time by using a flow sensor
which signals an electromagnetic proportioning valve to open or close accordingly by
using a feedback loop. (19) Providing accurate delivery of gradients, such systems will
ease difficulties and uncertainties encountered when using splitters that could have
fluctuating split ratios and be highly significant for analysis using microcolumns and
furthermore nanocolumns that are operated using nanoflow rates.

1.2 Common protein identification technologies
1.2.1 2D gel electrophoresis LC-MS-MS – Offline analysis
Methods used for exploring cellular systems have traditionally been based upon 2D gel
electrophoresis. High resolution separations by 2D gel electrophoresis provided
maximum separation and quantification of complex samples. However, it was not until
the emergence of proteomics in the mid 1990’s that the full utility of this technique was
realized by using mass spectrometry with 2D gel electrophoresis to identify proteins. (20)
2D gel separations based on charge and size were used to separate proteins. (21,22)
These separations were based upon the ability of charged species such as proteins
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contained in a medium to move through an electric field. The medium commonly used
for large protein molecules is in the form of a rectangular piece of polymerized gel
composed of polyacrylamide that is about 0.5 mm – 2 mm thick. Proteins are introduced
and separated across polyacrylamide gels according to their net charge using pH
gradients. This one dimensional separation is called isoelectric focusing and can be
subsequently enhanced by SDS-PAGE separation lengthwise down the gel. Before
beginning this separation in the second dimension, the gel is soaked in sodium dodecyl
sulfate. This negatively charged detergent binds strongly and proportionately to proteins
based on their size thus providing a means for separation based on molecular weight.
After the SDS-PAGE separation is complete, the positions of individual proteins
separated on polyacrylamide gels are determined using either a Coomassie blue staining
technique or a more sensitive silver staining technique. Detection limits in the mid
picomole and mid femtomole ranges have been reported for Coomassie blue and silver
staining techniques, respectively. (23)
Proteins separated using 2D gel electrophoresis are identified using mass spectrometry
by excising individual bands from the 2D gel as shown in Figure 1. (24) Proteins in the
gel band are reduced and alkylated by adding dithiothreitol and iodoacetamide which
prevents formation of disulfide bonds and folding of proteins into tertiary structures.
Each band is washed by flushing with a fresh aliquot of buffer to remove any unwanted
reagents contained in the gel. Protein immobilized in the gel band is digested with
trypsin thus reducing the protein into smaller peptide fragments which are free to diffuse
from the gel. These peptide fragments are extracted from the gel and further separated
using capillary reversed-phase HPLC before being introduced into the mass spectrometer.
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2D gel electrophoresis

Protein
digestion

Separated peptides

Tandem MS/MS Analysis

A

B

Sequence
Database

Figure 1. (A) 2D gel electrophoresis tandem mass spectrometry is initiated with
the separation of proteins using 2D gel electrophoresis. Proteins are excised from
gels and reduced into peptide fragments by proteolytic digestion using trypsin.
Peptides extracted from gel bands are further separated and analyzed using
tandem mass spectrometry. (B) Tandem mass spectrometry analysis. Precursor
ions identified in the first stage of MS analysis are selected from co-eluting
peptides shown in the mass chromatogram. Each selected precursor ion is
further fragmented in the second stage of MS analysis using collision induced
dissociation. Sequence information can be obtained from peptides identified in
the product ion mass chromatogram. This information can be matched with data
contained in numerous databases available to identify proteins.
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Peptides identified by molecular mass from the mass spectrum are selected as precursor
ions. Selected precursor ions are further fragmented at peptide bonds using collision
induced dissociation during the MS/MS analysis. Fragments detected in this secondary
stage of mass spectrometry analysis produce a product ion spectrum. Uninterpretted
product ion spectra or peptide sequences manually determined from the numerous
product ion spectra that can be obtained from the mass spectrum of the precursor ion can
be matched with information contained in databases to identify proteins.

1.2.1.1 Limitations of 2D gel LC-MS-MS
The ability to separate and identify proteins with the high separation power of 2D gel
electrophoresis with mass spectrometry makes 2DGE LC-MS-MS one of the most
common tools used today despite some disadvantages. These include the limited
dynamic ranges of detection of low abundance proteins, (25,26) poor reproducibility of
protein expression patterns due to changing experimental conditions making it difficult to
correlate and quantify changes in protein expression from run to run (27) and detection
limitations existing for proteins of poor solubility, very small or large size and extreme
pI. (28) Preparation of electrophoresis experiments and the manual removal and
digestion of protein contained in gel bands is time consuming. (29) The inability to
interface 2D gel separations with mass spectrometry excludes this technique as a high
throughput method. (30) In the quest to minimize detection limits, expand dynamic
range and achieve high throughput, alternative separation methods to be coupled with
mass spectrometry are being explored.

12

1.2.2 Multi-dimensional chromatography systems – Online analysis
The development of 2D LC-MS proteomic techniques is being used as an alternative to
separate complex protein mixtures as opposed to the traditional combination of 2D gel
electrophoresis in combination with tandem mass spectrometry. Differing from the
electrophoretic tandem mass spectrometry approach, complex protein mixtures are
introduced as intact proteins or digested peptide fragments (shotgun sequencing) before
separation by two dimensional chromatography. Intact proteins are not as soluble as
peptides and are more difficult to separate however they can be further analyzed and are
fewer in number in comparison to their corresponding peptides resulting from digestion.
Protein separations using 2D LC-MS systems are based on the interactions of proteins
with specific stationary phases of the different columns selected for the set up. (31)
Columns are carefully selected to achieve the desired separations. The column
positioned first in the set up is used to fractionate components of complex mixtures. The
second column is used to further separate proteins from the first set of fractionated
components. It is essential that the effluent from the column in the first dimension is
compatible with the separation conditions of the second column and that the effluent of
the second column is compatible with the type of detection. Advantages of using two
dimensional LC-MS systems for separating intact proteins and peptides include high
throughput and automation. (32)
Two dimensional chromatography systems for protein analysis are commonly set-up
using ion-exchange chromatography in the first dimension and reversed-phase
chromatography in the second dimension. In all two dimensional configurations
reversed-phase chromatography is invariably used as the second dimension because it
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allows mobile phase compatibility and removes salts prior to mass spectrometry
detection. (33) Multidimensional chromatographic-mass spectrometry systems using
strong cation exchange-reversed phase chromatography and size exclusion-reversed
phase chromatography shown in Figure 2 were first developed to separate intact proteins
and digested peptides, respectively. (34,35) Intact proteins were introduced and eluted
from a cation exchange column using a gradient delivered by an initial HPLC pumping
system. Effluent from the column was directed through an eight-port valve into one of
two rotating sample loops. Eluted proteins contained in one sample loop are flushed to
the reversed-phase column by a second HPLC pumping system while the other sample
loop collects effluent from the cation exchange column in the first dimension. A gradient
is used to elute proteins from each cation exchange fraction retained on the reversedphase column. Effluent from the reversed-phase column is split 9:1 to the mass
spectrometer and UV detector, respectively. Results have been obtained for a mixture of
standards and a complex E. Coli system. Analysis of the intact proteins was completed in
less than two hours demonstrating the efficiency of the automated system. Similar work
was done separating ovalbumin and serum albumin peptides using a size exclusionreversed phase chromatography system with two reversed-phase columns in a parallel
configuration instead of using rotating sample loops. 48 of the 34 expected peptide peaks
were observed for ovalbumin. The extra 14 peaks resulted from missed tryptic cleavages.
48 of the 49 expected peptide peaks were observed for bovine serum albumin. Analysis
time for the system was approximately three hours. Other ion-exchange-reversed phase
systems have been developed demonstrating automated analysis of cancer cell and
epidermoid carcinoma cell lysates. (36,37)
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A

B

Figure 2. Multidimensional LC-MS systems. (A) Strong cation-exchange chromatography was combined with
reversed-phase chromatography to separate intact proteins from a mixture of standards and a complex E. Coli
system. (B) Six size-exclusion columns connected in a parallel format were combined with reversed-phase
chromatography to separate ovalbumin and serum albumin peptides. Proteins were detected in both configurations
using mass spectrometry and UV detection
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1.3 Alternative protein identification technology
1.3.1 Capillary isoelectric focusing-ESI-MS
Capillary isoelectric focusing-mass spectrometry (CIEF-ESI-MS) is an alternative
technique used for on-line analysis of proteins using capillary electrophoresis (CE) in
combination with mass spectrometry. Separating proteins based upon charge using
principles similar to 2D gel electrophoresis, CIEF-ESI-MS was developed with hopes of
eliminating time consuming steps required when isolating proteins from two dimensional
gels prior to tandem mass spectrometry analysis. Development of CIEF-ESI-MS would
also provide selectivity analogous to 2D gel tandem mass spectrometry systems by
separating and detecting proteins based on charge and molecular mass. (38)
Proteins are separated using fused silica capillary tubing with diameters commonly
ranging from 20 to 100 µm. The tubing is coated with polyacrylamide to minimize
undesirable adsorption of hydrophobic and charged regions of proteins on fused silica
tubing walls leading to poor efficiency and reproducibility. (39) Focusing of proteins and
carrier ampholytes placed in the tubing occurs by applying a constant voltage at the ends
of the capillary tubing using an acidic buffer at the anode and a basic buffer at the
cathode. Influenced by the electric potential, negative charged acidic ampholytes move
towards the anode and the positive charged basic ampholytes move towards the cathode.
Different ampholytes migrate to different positions within the tubing respective to their pI
values. Buffering capacity provided by ampholytes displaced throughout the tubing
creates a pH gradient. Proteins migrate throughout the gradient and stop moving when
they are located in a region where the pH is equal to their respective pI. (40) After
focusing of proteins is complete, contents of the capillary are sequentially mobilized to a
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detector by either changing the composition of one of the buffers at either the anode or
cathode or by applying force at the inlet.
Advantageous for identifying the molecular masses of proteins, interfacing capillary
isoelectric focusing (CIEF) with electrospray ionization mass spectrometry (ESI-MS)
detection in an on-line format presented to be quite challenging. Removal of ampholytes
and CIEF buffers required for optimization when focusing proteins was necessary to
avoid reducing MS signal intensity. (38) Various approaches for mobilizing proteins into
the mass spectrometer with the addition of MS compatible flowing sheath liquids using
coaxial (41) and liquid junction (42) sheath-flow interfaces reduced the concentrations of
ampholytes while reducing sensitivity. Various microdialysis configurations were also
used to remove ampholytes by separating proteins from smaller ampholytes molecules
that could pass through the membrane and be diverted from the mass spectrometer.
(43,44)
Reported in a series of publications, CIEF-ESI-MS was first demonstrated in 1995
using a coaxial sheath-flow configuration for analysis of dilute protein samples
containing cytochrome c, myoglobin and carbonic anhydrase II. (45) Concentration
detection limits near 10-7M using myoglobin were further reduced to 10-8M for various
hemoglobin variants analyzed in a later publication. (46) Comparison of CIEF of various
proteins focused using different concentrations of ampholytes using UV and ESI-MS
detection revealed limitations of CIEF-ESI-MS as the MS signal was suppressed when
using higher concentrations of ampholytes that were optimal for focusing proteins. Later
work showing the significance of CIEF-ESI-MS was demonstrated as 104 proteins from
E. coli cells were analyzed and compared using both CIEF-ESI-MS and 2D gel
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electrophoresis. Analysis using CIEF-ESI-MS took one hour to complete with 6-8 hours
to process data to determine the molecular weight values for proteins whereas the 2D gel
electrophoresis analysis including staining took 24 hours. A two dimensional plot
showing the determined pI and molecular weight values for proteins shown in Figure 3
was constructed for comparison with the stained 2D gel. (47) Further improvements
were demonstrated as 400-1000 proteins from E. coli cells over a mass range from 5 Da
to 100,000 Da were identified using isoelectric focusing-electrospray ionization fourier
transform ion cyclotron resonance mass spectrometry. (48)

1.3.2 Gradient chromatofocusing-ESI-MS
With various separation strategies commonly employing electrophoretic gels and
various columns in multidimensional configurations in combination with electrospray
ionization mass spectrometry for identifying proteins, configurations for interfacing
chromatographic columns with electrospray ionization mass spectrometers commonly use
capillary reversed-phase chromatography. (49) Capillary columns in combination with
reversed-phase chromatography buffer systems are routinely used to provide the
sensitivity and compatibility required for analysis of trace level proteins using ESI-mass
spectrometry. Limited by the ability to separate and introduce proteins into the mass
spectrometer according to hydrophobicity, reversed-phase chromatography has recently
been complemented with the introduction of a new orthogonal high resolution ionexchange LC-MS technique called gradient chromatofocusing-mass spectrometry. (50)
Gradient chromatofocusing-mass spectrometry (gCF-MS) is a new ion-exchange
HPLC electrospray ionization mass spectrometry technique introduced for separating

18

A

pI

B

pI

Figure 3. CIEF-ESI-MS determination of molecular weight and pI of E.Coli proteins displayed in a plot analogous to
2D gel electrophoresis . (A) 104 E.Coli proteins were separated and detected according to pI and molecular weight
using CIEF-ESI-MS. Circles in the plot represent standard pI markers used for correlating pI values of unknowns
using migration time. (B) 110 E.Coli proteins were separated and detected using 2D gel electrophoresis.
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and detecting proteins according to charge and molecular weight. Analogous to
traditional 2D gel electrophoresis-mass spectrometry techniques, gCF-MS separates
proteins according to pI in the first dimension of analysis using a new high resolution
chromatographic technique introduced by our group called gradient chromatofocusing.
(51,52) Detection and determination of the molecular weight of eluting proteins is
achieved by the successful interfacing of gradient chromatofocusing with electrospray
quadrupole mass spectrometry. (50)
Being that proteins are amphoteric, positive charged proteins are separated using
cation-exchange columns and negative charge proteins are separated using anionexchange columns. (53) For clarity, negative charged proteins separated on anionexchange columns will be discussed exclusively. Before analysis begins it is imperative
that negative and positive charges are induced upon protein analytes and stationary phase
functional groups to ensure that proteins bind to the stationary phase. (54) Negative
charged proteins are induced by dissolving samples with basic application buffers with a
pH at least one unit greater than the pI of the various protein analytes. Just as important,
the column should be equilibrated using a basic application buffer with a pH at least one
unit below the pI of the stationary phase functional groups to induce positive charges on
the functional groups of the packing material.
Proteins are initially introduced upstream of an anion-exchange column into the flow of
basic mobile phase buffer required to retain proteins. Negative charged proteins bind to
the positive charged functional groups of the packing material contained within the
column. Separation and elution of bound proteins occurs as a linear pH gradient
decreasing over time is generated at the outlet of the HPLC column as shown in Figure 4
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by externally programming a HPLC pumping system to deliver increasing proportions of
an acidic elution buffer over time to create a pH gradient at the inlet of the column that
offsets any sudden changes in pH that occur internally within the column due to buffering
limitations. By adjusting the proportions of buffers used externally and selecting buffer
components with pKa values spaced evenly apart by approximately one pH unit to
provide appropriate buffering, linear pH gradients are generated within the column.
Proteins are eluted from the column according to pI values which can be defined as the
pH specific to a protein where the net charge on a protein is zero. (55,56)
Proteins eluting from ion-exchange columns are detected and identified by molecular
mass by interfacing gradient chromatofocusing (gCF) with mass spectrometry. The
interfacing of gCF is made possible by using volatile low molecular mass buffers that are
compatibility with mass spectrometry. Post-column addition of an acetonitrile solution
containing formic acid is required to reduce surface tension of effluent entering the mass
spectrometer and aid in the protonation of proteins.
Gradient chromatofocusing-mass spectrometry was recently demonstrated using the
configuration shown in Figure 5 to separate and determine the molecular weight of a
mixture of proteins. Six proteins including carbonic anhydrase II, enolase, βlactoglobulin b, β-lactoglobulin a, soybean trypsin inhibitor and amyloglucosidase were
separated using a linear pH gradient decreasing from a pH value of 9 to 2.6 at a flow rate
of 200 µL/min on a 50 mm x 2.1 mm i.d. DEAE anion-exchange column. The linear pH
gradient used for analysis was generated using an application buffer consisting of 25 mM
ammonium bicarbonate and 25 mM pyridine adjusted to a pH of 9 with concentrated
ammonium hydroxide and an elution buffer consisting of 25 mM acetic acid and 25 mM
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Figure 4. Gradient chromatofocusing. The instrumental configuration for
gradient chromatofocusing is shown above. Proteins are separated and detected
using linear pH gradients decreasing over time measured at the outlet of the
column. Linearity is achieved by externally programming a HPLC system to
deliver increasing proportions of acidic elution buffer over time to create a pH
gradient at the inlet of the column that offsets any sudden changes that occurs
within the column due to buffering limitations.
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Figure 5. Gradient chromatofocusing-mass spectrometry.
Differing from
gradient chromatofocusing, gCF-MS employs mass spectrometry detection.
Detection is made possible by addition of a post-column enhancement solution
consisting of 8% formic acid in acetonitrile.
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lactic acid. Mass spectrometry detection was achieved with post-column mixing of
effluent with 8% formic acid in acetonitrile. Flow was split 7.9 to 1 after mixing,
directing 355 µL/min to a HP1100 UV detector and 45 µL/min through an electrospray
ionization source to a Micromass Quattro II electrospray mass spectrometer. Molecular
mass of the proteins were determined within ±0.010% to 0.033% (±100 to 330 ppm) with
peak height total ion current detection limits of 4 to 78 pmol of injected amounts using a
s/n criteria of 3.

1.3.2.1 Advantages of gradient chromatofocusing-ESI-MS
Developed based on the principles of a conventional chromatofocusing technique
introduced primarily for purifying proteins, (57-60) gradient chromatofocusing enhances
the ability for optimizing HPLC separations by expanding capabilities for developing
linear pH gradients. (55,61) Previously limited by difficulties changing the slopes of
linear pH gradients generated requiring the use of low buffer concentrations and the
inability to generate linear pH gradients using high concentration buffers and salt elution
techniques, conventional chromatofocusing is found to be far less desirable for separating
proteins compared to gradient chromatofocusing. Furthermore, conventional
chromatofocusing techniques employing high molecular weight buffer components and
more commonly used ion-exchange techniques employing salts are incompatible with
mass spectrometry as opposed to the low molecular weight buffer components used with
gradient chromatofocusing systems.

This dissertation further demonstrates developments leading to an optimized capillary
gradient chromatofocusing-mass spectrometry system. Developments include gradient
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chromatofocusing analysis of proteins using various capillary ion-exchange columns with
different inner diameters (chapter 2) and various buffer systems composed of low
molecular weight buffer components (chapter 3). Limited by the capabilities of HPLC
systems to accurately deliver gradients at low flow rates and the ability to generate linear
pH gradients using buffer systems made up of components at minimal concentrations, an
optimal capillary gradient chromatofocusing-mass spectrometry system maximizing
sensitivity gains and promoting mass spectrometry compatibility was selected from trials
in chapters 2 and 3. Analysis of proteins using the optimized capillary gradient
chromatofocusing system was demonstrated (chapter 4).
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Chapter 2 Capillary Gradient Chromatofocusing

2.1 Introduction
A growing interest in the usage of smaller scale HPLC separation techniques has
reemerged with the introduction of matrix assisted laser desorption ionization (MALDI)
and electrospray ionization (ESI) techniques that allow analysis of large biomolecules by
mass spectrometry. For clarification, proteins will be discussed but it should be realized
that mass spectrometry analysis was made possible for a wide variety of other analytes
with the introduction of these ionization techniques.
Previous to the developments of MALDI and ESI techniques in the late 1980’s, various
investigators (1-7) made efforts to use columns with smaller inner diameters to improve
column efficiency, reduce solvent consumption, improve sensitivity and employ
detection with various types of detectors. Initially introduced in 1967 (8), microcolumn
HPLC did not become popular until the mid 1970’s when slurry-column packing
developments (9-12) along with low volume detector cells and injector components were
introduced to ease difficulties associated with packing microcolumns and configuring
instrumentation that addressed the needs of the smaller volumes used with microcolumn
systems. Biological (13), pharmaceutical (14) and environmental (15,16) microcolumn
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HPLC applications were reported shortly after and even hinted at the significance of
using capillary columns in combination with mass spectrometry to identify samples
commonly analyzed by liquid chromatography by molecular weight and from
fragmentation information.
Challenges presented in the development of such advantageous LC-MS systems were
overcome by using capillary columns. The direct configuration of capillary LC-MS
systems solved compatibility issues due to the inability of mass spectrometry vacuum
systems to accommodate the large volumes of mobile phase eluting from conventional
chromatography columns. (17,18) The flow of effluent used with capillary columns was
reduced to levels that mass spectrometry vacuum systems could handle. The ability to
directly interface capillary columns with mass spectrometers as opposed to reducing flow
by using a splitter was highly advantageous for mass spectrometry analysis of samples
available in limited amounts. (19)
While capillary columns used in conjunction with LC-MS systems promoted
compatibility, other difficulties needed to be solved so specific molecules common to
liquid chromatography analysis could be analyzed by mass spectrometry. Certain classes
of large biomolecules such as proteins which were attractive candidates for capillary LCMS analysis due to their limited availability could not be analyzed due to the inability to
produce gas-phase ions required for mass spectrometry analysis from solutes contained
within a liquid. (20) Limited by this inability to detect proteins by means of mass
spectrometry, the utility of capillary columns never reached its full potential until ESI and
MALDI techniques (22,23) were introduced in the mid 1980’s making possible mass
spectrometry analysis of proteins and other large biomolecules. Relieving frustrations
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long encountered by previous investigators, renewed interests in capillary columns
emerged with the introduction of MALDI and ESI techniques
Unlike the brief period of popularity achieved in the mid 1970’s, usage of capillary
columns had reemerged in the mid 1980’s. Mass spectrometry applications involving the
identification of large molecules of interest in biomedical research in combination with
the advantages associated with capillary columns from long ago were now possible. The
significance of such applications led to the commercial availability (24-26) of capillary
columns and instrumentation that was not available in the past. Driving forces (3,27,28)
behind the development of capillary chromatography systems included the sensitivity
gains associated with their usage and the ease to interface capillary columns with mass
spectrometers for analysis of large molecules such as proteins.
Sensitivity gains achieved from the usage of capillary columns are highly advantageous
in proteomic studies where samples are available in limited quantities The ability to
analyze samples of limited amounts can be attributed to the reduced detection limits
resulting from the sensitivity gains associated with using columns with smaller inner
diameters. Analytes eluting from columns with smaller inner diameters are more
concentrated (29) due to the reduced peak volume that contains the analyte. Sensitivity
gains expected when downsizing to columns with smaller inner diameters can
theoretically be determined (30) by squaring the ratio of the inner diameter of the larger
column to the inner diameter of the smaller column. The significance of reducing the
inner diameter of a column can be demonstrated as calculations reveal a 68 fold
sensitivity enhancement when a capillary column with an inner diameter of 255 microns
is used as opposed to a microbore column with an inner diameter of 2.1 mm. Similar
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sensitivity gains will be anticipated using a gradient chromatofocusing separation
technique with various ion-exchange columns with different inner diameters.
Gradient chromatofocusing is a new ion-exchange chromatography technique (31) for
protein analysis. This technique is highly advantageous compared to traditional ionexchange techniques due to its ability to generate linear pH gradients using buffers
consisting of low molecular mass components. Careful selection of these low molecular
mass buffer components which are also volatile made possible the development of a
buffer system which allowed the successful interfacing of gradient chromatofocusing
with mass spectrometry (32) using a narrow-bore column (2.1 mm i.d.).
In this chapter, preliminary work in the development of a capillary gradient
chromatofocusing-mass spectrometry system is demonstrated by comparing the
sensitivities and detection limits of various capillary columns (508 µm i.d. and 255 µm
i.d.) in a simplistic capillary gradient chromatofocusing configuration which detects
proteins using UV detection instead of mass spectrometry. Novel to the completion of
these studies and essential for capillary gradient chromatofocusing-mass spectrometry
work in the future is the construction of an on-line pH measurement system which
automates pH measurements and makes possible the measurement of pH at the low
volumes associated with the low flow rates used with capillary columns. Also, a
pressurized column packing apparatus and fritting procedure for fused silica columns was
modified to allow columns of larger outer diameters made of alternative materials such as
PEEK tubing to be packed in-house.
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2.2 Experimental
2.2.1 Materials
2.2.1.1 Proteins
β-lactoglobulin A (from bovine milk, Catalog No. L-7880-25MG), β-lactoglobulin B
(from bovine milk, Catalog No. L-8005-25MG), trypsin inhibitor, Type 1-S (from
soybean, Catalog No. T9003-25MG), hemoglobin S, ferrous stabilized (from human,
Catalog No. H0392-25MG), and hemoglobin A0</SUB, ferrous stabilized (from human,
Catalog No. H0267-25MG) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Mixtures of these various proteins were prepared in solution using the 10 mM ammonium
bicarbonate and 15 mM pyridine application buffer that was used to generate the gradient
to be used for analysis. The amount of each protein injected onto the column for each
analysis is listed in Table 2 and is also shown on the right hand y-axis next to the
corresponding chromatograms included in Figures 13 and 14. All protein solutions were
prepared on the day of use and stored in the refrigerator at -6˚ C.

2.2.1.2 Buffer components
Ammonium bicarbonate (Catalog No. A-6141) from Sigma-Aldrich (St. Louis, MO,
USA), pyridine (Catalog No. PX2020-1) from EM Science (Gibbstown, NJ, USA),
concentrated ammonium hydroxide (Catalog No. A669S-212) from Fisher Scientifc (Fair
Lawn, NJ, USA), glacial acetic acid (Catalog No. 281000ACS) from Pharmco Products,
Inc. (Brookfield, CT, USA) and lactic acid, 85+%, solution in water (Catalog No. 25,2476) from Aldrich (Milwaukee, WI, USA) were used to prepare buffers.
A basic mobile phase buffer (high pH application buffer) was prepared by making a 10
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Table 2. Mixtures containing the following concentrations (µg/ml) of proteins were
injected (5 µl injection volume) to create calibration curves using the specified
columns. Proteins contained in the standards included hemoglobin S, hemoglobin
A, β-lactoglobulin B, β-lactoglobulin A, and trypsin inhibitor.

Sample

255 µm i.d. column

508 µm i.d. column

1

1.5 µg/ml

2.9 µg/ml

2

2.9

5.9

3

5.9

12

4

12

23

5

23

47

6

47

94

7

94

190

8

190

380

9

380

750

10

750

1500

11

3000
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mM ammonium bicarbonate and 15 mM pyridine solution which was adjusted with
concentrated ammounium hydroxide to a pH of 9.05. An acidic mobile phase buffer (low
pH elution buffer) was prepared by making a 10 mM acetic acid and 11 mM lactic acid
solution which had a pH near 2.6 without any adjustment.

2.2.1.3 Weak anion-exchange column accessories
Bulk anion-exchange packing material (Protein-Pak DEAE 8HR, 8 μm diameter, 1000Ǻ pore diameter, DEAE functionalized polymethacrylate) was obtained from Waters
(Milford, MA, USA). 1/16th inch o.d. PEEK tubing with various inner diameters
including 255 µm i.d. (Catalog No. 1531) and 508 µm i.d (Catalog No. 1532) from
Upchurch Scientific (Oak Harbor, WA, USA) was used as the column blanks for packing
various capillary chromatography columns. Other hardware used to pack capillary
columns from Upchurch Scientific (Oak Harbor, WA, USA) included end fittings
(Catalog No. P∙627) and frits (Catalog No. P∙270).

2.2.1.4 On-line pH measurement system
pH measurements of column effluent were obtained using a Denver Instruments pH
meter Model 215 and a pair of flow-thru microelectrodes including a pH microelectrode
(Cat. No. 16-705) and a reference microelectrode (Cat. No. 16-702) from Microelectodes,
Inc. (Bedford, NH, USA). Flow-thru microelectrodes were connected in-line using
peristaltic tubing (Cat. No. LKT-110) from Elkay Products, Inc. (Worcester, MA, USA)
to provide continuous pH measurement of effluent flowing through the HPLC column.
Electrodes were calibrated using a pH 7.00 buffer solution (Cat. No. SB107-500) and a
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pH 4.00 buffer solution (Cat. No. SB101-500) from Fisher Scientific (Fairlawn, NJ,
USA).
Data acquisition was automated by acquiring data over specified time intervals which
was internally stored using the data logging features of the pH meter. Stored data was
exported to a personal computer by connecting a RS-232 cable between the 9 pin serial
ports located on the back of the pH meter and computer. The RS-232 cable was made inhouse by soldering the appropriate colored wires contained in the coaxial cable shown in
Figure 6 to the corresponding pins located on two female solder D-Sub 9-pin connectors
(Catalog No. 276-1538) protected from external corrosion using two D-Sub connector
hoods (Catalog No. 276-1539) from Radio Shack (Cleveland, OH, USA). Raw data
exported from the pH meter to the computer was captured in hyperterminal file format
(.ht) using Hyperterminal software. Hyperterminal files containing pH data were
converted into text files and displayed graphically by compiling the code written in
Matlab file format (.m) shown in Figure 7 using Matlab software and selecting the
corresponding text file to be displayed.

2.2.2 Chromatographic design and procedure
A HPLC system was used for analysis of proteins. Accurate and precise delivery of
application and elution buffers was achieved using the gradient pumping system as
shown in Figure 8. This system consisted of two Shimadzu LC-10ADVP pumps
controlled by a Shimadzu SCL-10AVP system controller from Shimadzu Scientific
Instruments (Columbia, MD USA). The HPLC was operated using Class VP version
5.03 software. Responsible for the delivery of mobile phase, the stepper motors driving

40

pH meter

Pin Function

computer

1

common

1

2

serial data in

2

3

serial data out

3

4

no connection

4

5

no connection

5

6

no connection

6

7

common

7

8

common

8

9

no connection

9

Figure 6. Schematic diagram for the RS-232 cable. Various color coded wires
contained within a 10 foot length of coaxial cable were soldered to two 9 pin
serial port plugs using the configuration above to create a RS-232 cable for
exporting data from a pH meter to a personal computer.
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ph1.m
clear;
[filename,path]=uigetfile(‘*.txt’,’Jim’’s pH Data’,100,100);
namepath= [path,filename];
grad=fopen(namepath,’r’);
rawdata=0;
rawstring=fscanf(grad,’%s,1 );
while(feof(grad)~=1)
if(length(rawstring)==2 & rawstring==’SM’)
rawstring=fscanf(grad,’%s’,1 );
rawdata=[rawdata , fscanf(grad,’%f’,1 )];
else
rawstring=fscanf(grad,’%s’,1 );
end
end
rawdata=rawdata(1,2:length(rawdata));
plot(rawdata);
fclose(grad);

Figure 7. Code written in C++ to automate the generation of graphs from text
files created from data exported from the pH meter and captured by the
computer using Hyperterminal.
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the pistons contained within the pumps were electronically modified by a service
technician from the Shimadzu Corporation to provide accurate and precise delivery of
gradients at the low flow rates required for analysis with capillary chromatography
columns. Linear pH gradients were generated through various columns with different
inner diameters packed with DEAE weak anion-exchange packing material by
configuring and programming the HPLC system as shown in Table 3 to increasingly
deliver the appropriate proportions of acidic elution buffer to overcome the buffering
capacity of the column which was initially equilibrated using the basic application buffer.
Efficient mixing of buffers delivered from both of the HPLC pumps and minimization of
delay time were achieved using a 100 µl standard Shimadzu mixer or a 10 µl Visco-Lee
mixer depending on which size column was used. Samples were introduced onto
columns using a Rheodyne Model 8125 injection valve with a 5 µl sample loop from
Rainin (Woburn, MA). Weak anion-exchange DEAE columns were directly connected
to a Linear 204 UV detector equipped with a 250 nl flow cell. Absorbance values of
effluent flowing through the detector was collected in real time using a wavelength of
280 nm. Data acquisition using the Class VP software and Linear 204 UV detector was
made possible by installing a Shimadzu electronic circuit board (SS420 Digital to
Analogue Converter Board) in the Shimadzu SCL-10Avp system controller which allowed
communication between the external detector and the Shimadzu controller.
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Gradient
Pumping
System

Application
Buffer
(high pH)

Visco
Lee
Mixer
10 µl

Elution
Buffer
(low pH)

Injector
5 µl loop

Weak Anion
Exchange Column

DETECTION

Linear
204 UV-Vis
Detector
250 nl flow cell

Figure 8. Instrumental diagram of gradient chromatofocusing system using UV detection for analysis of proteins.
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Column inner diameter

10 µl/min

0.255 µm

40 µl/min

0.508 µm

.

Table 3. HPLC operating parameters and conditions are listed for various weak anion-exchange DEAE columns used for
gradient chromatofocusing sensitivity studies.

Flow rate

Direct

100 µl

Direct

Means of achieving flow rate

10 µl

Buffers used for gradients

A 15 mM ammonium bicarbonate and 10 mM pyridine basic buffer solution and a 10
mM acetic acid and 11 mM lactic acid acidic buffer solution were used to generate
linear pH gradients with all columns.

Mixer volume

HPLC Programming

26% of elution buffer was delivered isocratically for 10 minutes followed by a linear
increase from 26% to 100% over 49 minutes. 100% elution buffer was delivered
isocratically for 10 minutes. This program was used for all columns.
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2.2.3 Other procedures
2.2.3.1 Capillary column packing procedure
Weak anion-exchange 1/16th inch o.d. PEEK capillary columns with various inner
diameters were packed using a slurry packing method originally developed for packing
fused silica columns. (20) Columns were slurry packed by forcing packing material
contained in a vial in the stainless steel pressurized apparatus into a piece of tubing at
pressures greater than 500 psi by introducing helium gas into the side of the pressurized
apparatus by means of a NPT to 1/8th inch Swagelok male adaptor. The tubing with one
end suspended in the vial as shown in Figure 9 was secured to the stainless steel
pressurized apparatus using a NPT to 1/16th inch Swagelok male adaptor fixed to the top
of the pressurized apparatus. The free end of the tubing not immersed in the pressurized
apparatus was partially sealed to contain packing material within the tubing by using an
end fitting (Catalog No. P∙627) with 10-32 and ¼-28 female ports with a fritted ferrule
(Catalog No. P∙270) from Upchurch Scientific (Oak Harbor, WA, USA). Different from
the original fritting procedure used for packing fused-silica columns, the newly
developed fritting process was necessary for packing columns made from pH resistant
materials such as PEEK. The fritting process using a fritted ferrule with an end fitting
was repeated for the other end of the tubing or column by cutting the desired length of
tubing from the pressurized apparatus after packing the tubing. The newly packed
column containing end fittings at both ends was washed for 30 minutes by introducing a
solution consisting of 10% methanol in water through the column using a HPLC system.
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DEAE-polymethacrylate
packing material slurry is
contained in a 1.5 ml vial

Pressure ( > 500 psi) is applied
to the apparatus using helium
gas.

Column end fitting attached to tubing using a
fritted ferrule.

Figure 9. Apparatus used to pack PEEK capillary columns.
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2.2.3.2 Capillary column characterization procedure
Capillary DEAE columns packed according to the procedure in 2.2.3.1 were initially
characterized before use by injecting trypsin inhibitor onto columns equilibrated under
basic conditions using sodium bicarbonate. Approximately 0.01 mg and 0.0025 mg of
trypsin inhibitor were injected onto the 255 µm i.d. and 508 µm i.d. columns,
respectively. Trypsin inhibitor injected onto the DEAE columns was retained and
concentrated for five minutes by isocratic delivery of the basic sodium bicarbonate
mobile phase. Trypsin inhibitor was then eluted from columns under acidic conditions
resulting from the introduction of lactic acid by means of a step change. The width of
trypsin inhibitor peaks and column operating pressures both known to increase with
column usage were initially noted for newly packed columns and used as a reference for
future evaluations of the column packing procedure and column performance.

2.2.3.3 pH measurement
Preliminary to the analysis of proteins, linear pH gradients required for gradient
chromatofocusing analysis were determined by trial and error programming of various
binary gradients using the HPLC system configuration previously described in 2.2.2 with
the on-line pH measurement system described in 2.2.1.4 connected to the effluent end of
the column instead of the UV detector as shown in Figure 10. Automated pH
measurements were taken every two minutes using the on-line pH measurement system.
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Gradient
Pumping
System

Application
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(high pH)

Visco
Lee
Mixer
10 µl
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Injector
5 µl loop

Column
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ON-LINE PH
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RS-232
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Micro Flow-thru
pH and Reference
Electrodes

pH
Meter

Figure 10. Instrumental diagram of gradient chromatofocusing system with the online pH measurement system
configured in place of the UV detector.
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2.3 Results
2.3.1 Column characterization
Chromatograms obtained using the 255 µm i.d.column by performing the column
characterization procedure discussed in 2.2.3.2 are shown in Figure 11 (A). Peak widths
at half height were determined from chromatograms and were intended for use as a
reference for evaluating the column packing procedure and column performance over
time. Useful for evaluating the column packing procedure, the column characterization
procedure seldom needed to be repeated to evaluate column performance. Column
performance was typically found to be adequate over the lifetime of a particular column.
Column performance was limited however by the lifetime of a particular column which
was identified by observing increasing backing pressure generated by the flow of mobile
phase through a column compared to the stable operating pressure observed when the
column was characterized after being packed. Columns determined to be no longer
usable were discarded and replaced by packing new columns.
Also shown in Figure 11 (B) are the chromatograms obtained by injecting the same
amounts of protein on the corresponding columns using acidic conditions that do not
favor retention. Comparison of the chromatograms showing non-retained and retained
trypsin inhibitor peaks for the 255 µm i.d. column in Figure 11 show the concentrating
effect of the column as the peak widths of the trypsin inhibitor peak were reduced from
1.53 minutes to 0.79 minutes, respectively. Sensitivity gains resulting from the
concentration of analytes retained on the column were further realized as the peak heights
for the non-retained and retained trypsin inhibitor peaks increased from 0.088 to 0.133
absorbance units, respectively.

50

0.160
A

abs

0.120
Peak width at half ht = 0.79 min
Max peak ht = 0.133 abs units
Init operating pressure = <400 psi

0.080
0.040
0.000
0

5

10

15

20

25

30

min

0.160
B

abs

0.120
Peak width at half ht = 1.53 minutes
Max peak ht = 0.088 abs units
Init operating pressure = <400 psi

0.080
0.040
0.000
0

5

10

15

20

25

30

min

Figure 11. Column characterization. The capillary column packing
procedure was evaluated by injecting approximately 2.5 µg (5 µl injection
volume) of trypsin inhibitor onto 255 µm i.d. DEAE weak anion exchange
columns. Peak widths, maximum peak heights and initial opeating
pressures were observed using defined column characterization procedures
favoring retention (A) and non-retention (B).
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2.3.2 Linear pH gradient slope
Linear pH gradients shown in Figure 12 were developed previous to the analysis of
proteins using 255 µm i.d. and 508 µm i.d. columns. Gradients for both columns were
developed by programming the HPLC system to increasingly add the appropriate
proportions of elution buffer to overcome the buffering capacity of the column and
generate a pH gradient profile measured at the outlet of the column which decreases
linearly over time. pH gradient slopes of approximately -0.10 pH units/minute were
determined for a 255 µm i.d. column (-0.0996 pH units/minute) and a 508 µm i.d. column
(-0.1008 pH units/minute). Linearity of the pH gradients developed using the 255 µm i.d.
and 508 µm i.d. columns was evaluated by determining the correlation coefficients (255
µm i.d. column R2 = 0.9975 and 508 µm i.d. column R2 = 0.9976) associated with the pH
gradients developed on the respective columns. Data collected in plateau regions
associated with the dead volume of the HPLC system was excluded.

2.3.3 Separation of protein mixtures using gradient chromatofocusing
Standard mixtures containing various amounts of five proteins including hemoglobin S,
hemoglobin A, β-lactoglobulin B, β-lactoglobulin A, and trypsin inhibitor were
separated and detected using a gradient chromatofocusing system configured with both
255 µm i.d. and 508 µm i.d. weak anion exchange DEAE columns. Resulting
chromatograms are shown for various amounts of each protein injected onto the 255 µm
i.d. and 508 µm i.d.columns in Figures 13 and 14, respectively. The amounts of each
protein injected onto the 255 µm i.d. and 508 µm i.d. columns for each analysis are listed
on the right hand y-axis in Figures 13 and 14.
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Figure 12. Linear pH gradients. Linear pH gradients developed previous
to protein analysis are shown. Gradients were measured using the on-line
pH measuring system with 255 and 508 μm i.d. weak anion exchange DEAE
columns.
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2.3.4 Sensitivity study
Calibration curves for the 255 µm i.d. and 508 µm i.d. weak anion exchange DEAE
columns were constructed for each specific protein in Figures 13 and 14 by plotting the
resultant peak areas of chromatographic peaks corresponding to a particular protein
versus the known amount of protein injected. Sensitivity gains were determined by
finding the ratios of the slopes of these calibration curves for each specific protein as
shown in Figures 15-19. Experimental sensitivity gains compared with theoretical
expectations are shown in Figure 20.

2.3.5 Detection Limits
Detection limits for proteins injected on both 255 and 508 µm i.d. columns are shown
in Table 4. These detection limits were determined by finding and selecting peaks from
UV chromatograms of specified amounts of protein injected that were barely detectable
(those with signal to noise ratios that were nearest to 3:1). The ratios of the amount of
protein injected to signal obtained for peaks nearest the detection limit were multiplied by
three times the noise level to find the amounts of protein needed to, by definition, be
detected at signal to noise ratios of 3:1.

2.4 Discussion
Differing from previous gradient chromatofocusing work using conventional and
microbore columns, instrumental requirements for using capillary columns exceed the
limitations of conventional HPLC systems. Specialized systems with reduced volumes
operated at lower flow rates must be used. Extra column volumes of components such as
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Figure 13. Gradient chromatofocusing UV chromatograms from analysis
of proteins using a 508 µm i.d. weak anion exchange DEAE column.
Amounts of each of the various proteins contained in mixtures are listed on
the right hand y-axis next to the corresponding chromatogram. Proteins
separated include (1) hemoglobin S, (2) hemoglobin A, (3) β-lactoglobulin B,
(4) β-lactoglobulin A and (5) trypsin inhibitor.
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Figure 14. Gradient chromatofocusing UV chromatograms from analysis of
proteins using a 255 µm i.d. weak anion exchange DEAE column. Amounts
of each of the various proteins contained in mixtures are listed on the right
hand y-axis next to the corresponding chromatogram. Proteins separated
include (1) hemoglobin S, (2) hemoglobin A, (3) β-lactoglobulin B, (4) βlactoglobulin A and (5) trypsin inhibitor.
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Figure 15. Calibration curves for hemoglobin S. Sensitivity gains were
determined to be enhanced by a factor of 4.4 times for hemoglobin S when
comparing the slopes of calibration curves for the 255 and 508 µm i.d.
columns.
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Figure 16. Calibration curves for hemoglobin A. Sensitivity gains were
determined to be enhanced by a factor of 4.2 times for hemoglobin A when
comparing the slopes of calibration curves for the 255 and 508 µm i.d.
columns.
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Figure 17. Calibration curves for β-lactoglobulin b. Sensitivity gains were
determined to be enhanced by a factor of 5.1 times for β-lactoglobulin b
when comparing the slopes of calibration curves for the 255 and 508 µm i.d.
columns.
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Figure 18. Calibration curves for β-lactoglobulin a. Sensitivity gains were
determined to be enhanced by a factor of 3.1 time for β-lactoglobulin a
when comparing the slopes of calibration curves for the 255 and 508 µm i.d.
columns.

60

12

255 µm i.d. column
508 µm i.d. column

y = 2.9889x + 8.3661

9

2

R = 0.9989

7

area units (x 10 )

Sensitivity Gain
3.0 . = 5.5
0.54

6

3

y = 0.5412x - 9.5056
2

R = 0.9998

0
0

1000

2000

3000

µg
g of trypsin inhibitor injected

Figure 19. Calibration curves for trypsin inhibitor. Sensitivity gains were
determined to be enhanced by a factor of 5.5 times for trypsin inhibitor
when comparing the slopes of calibration curves for the 255 and 508 µm i.d.
columns.
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Figure 20. Experimental and theoretical sensitivity gains. Sensitivity gains
for hemoglobin S, hemoglobin A, β-lactoglobulin b, β-lactoglobulin a and
trypsin inhibitor were determined by comparing the slopes of the
calibration curves created using 255 and 508 µm i.d. columns. These
experimental values were compared with the theoretical expectations
determined by finding the ratio of the squares of both inner diameters of
the two columns being compared.
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Table 4. Detection limits were determined for the specified proteins using 255 and
508 µm i.d. columns. Detection limits were enhanced by factors as high as 2.6 for
β–lactoglobulin B. Theoretical detection limit improvements were expected to
improve by a factor of 4 for all proteins.

Proteins

255 µm i.d. column

508 µm i.d. column

hemoglobin S

0.94 pmol

0.63 pmol

hemoglobin A

1.0

0.51

β–lactoglobulin B

1.8

3.4

β–lactoglobulin A

2.8

3.3

trypsin inhibitor

2.4

2.3
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detector flow cells and connecting tubing which were once negligible when considering
larger peak volumes associated with larger columns need to be minimized to prevent
band broadening. Pumping systems capable of achieving accurate and precise delivery of
lower flow rates must be used. Volumes of components such as mixers must also be
optimized to ensure accurate delivery of programmed gradients without excessive time
delays. . .

2.4.1 HPLC pumping system limitations
Sensitivity studies demonstrated using 255 and 508 µm i.d. capillary columns required
pumping systems capable of delivering flow rates of 10 and 40 µl/min. With goals of
achieving high resolution separations using linear pH gradients without splitting flow due
to loss of sample, accurate delivery of flow rates at 40 µl/min was possible using various
HPLC systems available. While systems from manufacturers to include Beckman,
Agilent and Shimadzu were all capable of delivering flow rates as low as 10 µl/min
isocratically, accurate delivery necessary for generating linear pH gradients could not be
achieved at flow rates of 10 µl/min using programmed gradients. Limitations were
overcome by electronically modifying the stepper motors driving the pistons contained in
the Shimadzu pumps to operate at a smaller volume per step opposed to the 6 nl/step
specifications. With the modification, the pumps were capable of delivering flow rates as
low as 1 µl/min isocratically and 10 µl/min with programmed gradients.

2.4.2 HPLC volume delay
Operating at 10 and 40 µl/min flow rates, the volume of the 100 µl mixing chamber

64

used with the Shimadzu HPLC system needed to be further reduced to minimize volume
delays when using 10 µl/min flow rates with the 255 µm i.d. column. Adequate for
accurate gradient delivery using 40 µl/min flow rates with the 508 µm i.d. column, 2.5
minutes were required to introduce flow from the inlet to the outlet of the mixer with
minimal baseline noise. Inadequate for accurate gradient delivery at 10 µl/min, 10
minutes were required to introduce flow from the inlet to the outlet of the mixer.
Modifications were made by replacing the 100 µl mixing chamber with a 10 µl ViscoLee mixer. Reducing the volume delay by requiring 1 minute to introduce flow from the
inlet to the outlet of the mixer, baseline noise was increased using the 255 µm i.d. column
with the 10 µl mixer as shown in Figure 21 compared to the baseline noise acquired using
the 508 µm i.d. column with the 100 µl mixer.

2.4.3 HPLC extra column volume
Assuming peak volumes of 10 and 40 µl when using 255 and 508 µm i.d. capillary
columns, 8 µl flow cell volumes commonly used in commercial HPLC detectors is
considerably large when considering flow cell volumes should be approximately less than
10% of approximate peak volumes to prevent band broadening. Further reduction of this
volume is achieved by replacing the 8 µl flow cell with a 2.4 µl flow cell available from
Shimadzu. Adequate for eliminating band broadening using the 508 µm i.d. column, this
flow cell volume was further reduced by configuring a Linear UVis 204 detector with a
250 nl flow cell externally to the controller of the Shimadzu system to eliminate any band
broadening that would occur when using 255 µm i.d. columns.
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Figure 21. Baseline noise as a function of mixer volume. (A) Baseline noise
is optimal when a mixer is selected with a volume small enough to avoid
volume delays but yet large enough to promote efficient mixing to minimize
baseline noise. In this figure, (A) a 100 µl Shimadzu mixer was configured
with the 508 µm i.d. column at 40 µl/min to achieve optimal conditions
wheras (B) less optimal conditions resulted when the Shimadzu mixer was
replaced with a 10 µl Visco-Lee mixer configured with the 255 µm i.d.
column at 10 µl/min due to its excessive volume.
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2.5 Conclusions
The present work demonstrates the ability to incorporate the usage of capillary columns
with gradient chromatofocusing. Sensitivity gains and detection limits were enhanced
near theoretical expectations when comparing the results obtained using 255 and 508 µm
i.d. columns. However, more strongly these results confirm the ability to pack capillary
columns used for gradient chromatofocusing analysis and measure pH gradients at the
low flow rates necessary for use with these columns as an initial step in the overall goal
of developing a capillary gradient chromatofocusing-mass spectrometry system.
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Chapter 3 Gradient Chromatofocusing Buffer System

3.1 Introduction
A growing interest in developing LC-MS techniques for analysis of proteins has
emerged with the introduction of matrix assisted laser desorption ionization (MALDI)
and electrospray ionization (ESI) techniques in the mid 1980’s. With various HPLC
chromatography techniques available for the separation of proteins, reversed-phase
chromatography has been routinely used in LC-MS proteomic applications due to the
compatibility of reversed-phase chromatography solvent systems with mass
spectrometers (1,2). However, an alternative approach called gradient chromatofocusingmass spectrometry (3) has recently been demonstrated which separates proteins based
upon charge using ion-exchange chromatography due to the novel discovery of a
specialized buffer system made up of volatile components with low molecular masses
which promotes LC-MS compatibility.
Gradient chromatofocusing-mass spectrometry is a new HPLC technique for the
analysis of proteins recently introduced by our research group. This technique utilizes
ion-exchange chromatography in combination with electrospray ionization (ESI) mass
spectrometry for the separation and detection of proteins. Previous to the recent
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interfacing of this chromatography technique with mass spectrometry, gradient
chromatofocusing was introduced (4-7) as a high resolution technique utilizing linear pH
gradients for charged-based separations with extended capabilities compared to a
commonly used ion-exchange chromatography technique called conventional
chromatofocusing.
The extended capabilities associated with gradient chromatofocusing are found to be
highly advantageous in comparison to the capabilities associated with the previously used
technique called conventional chromatofocusing (8-9). Greater control of the slope of pH
gradients is realized when using gradient chromatofocusing due to the ability to use low
molecular mass buffers of higher concentrations. The ability to use buffers of higher
concentrations compared to polymeric ampholyte buffers required to be used in low
concentrations with conventional chromatofocusing also made possible the optimization
of protein separations. Optimization studies revealed trends showing increased resolution
with the usage of buffers of higher concentrations.
Analysis of proteins using gradient chromatofocusing begins with the introduction of a
protein mixture preferably dissolved in a basic buffer with a pH above the pKa of the
proteins of interest to induce negative charges upon the proteins contained in the mixture.
Prior to the introduction of these negatively charged proteins, a weak-anion exchange
column is equilibrated with a high pH mobile phase (application buffer) with a pH below
the pKa of the functional groups used for the stationary phase to ensure that the column
contains positive charged sites to bind and retain the negatively charged proteins
contained in the sample. Retained proteins are then eluted from the column by means of
a gradually decreasing linear pH gradient that is generated by externally programming an
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HPLC system to add increasing proportions of a low pH mobile phase (elution buffer) to
the application buffer. Elution occurs when the pH conditions neutralize the negative
charges on the protein that were initially induced to initiate retention. This characteristic
point of neutralization where elution occurs is called the pI.
Detection of proteins analyzed by gradient chromatofocusing has recently been
demonstrated with the direct interfacing of weak anion-exchange chromatography
columns with ESI mass spectrometry. Attractive for identifying the molecular weights of
proteins as opposed to previous identification of protein analytes according to retention
time using UV detection, gradient chromatofocusing-mass spectrometry analysis has
been made possible by using a specialized buffer system that allows the direct interfacing
of gradient chromatofocusing with mass spectrometry detection. Imperative to the
interfacing of this LC-MS technique, gradient chromatofocusing buffer components were
selected to ensure both the ability to generate linear pH gradients on anion-exchange
columns and promote compatibility with the mass spectrometer.
Buffer components were selected to ease efforts for generating linear pH gradients.
Buffer components were chosen with pKa values evenly spaced apart by about 1 to 1.5
pH units over the range of the pH gradient. Spacing these pKa values evenly apart,
buffering capacity necessary for generating linear pH gradients is provided. However,
additional buffering capacity provided by using higher buffer concentrations which eases
efforts for generating linear pH gradients and was previously reported to improve
resolution was compromised by using the lowest buffer concentrations possible to
generate linear pH gradients to promote mass spectrometry compatibility.
Various characteristics of buffers and the corresponding concentrations used with
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gradient chromatofocusing systems promote their compatibility with ESI mass
spectrometry detection. Specifically selected low molecular weight gradient
chromatofocusing buffers are excellent candidates to be used with mass spectrometry due
to their low melting points (preferably below 70° C) which prevent clogging of the
electrospray ionization tip which is kept at this temperature. Low molecular weight
buffer systems such as the one recently introduced by our group for gradient
chromatofocusing-mass spectrometry analysis are essential for the direct interfacing of
ion-exchange chromatography with mass spectrometry which was previously not possible
due to clogging of instrumentation caused by the deposition of solids when using nonvolatile high molecular weight conventional chromatofocusing buffers and the
suppression of mass spectrometry signal that resulted from the introduction of salts into
the mass spectrometer when using traditional ion-exchange chromatography techniques
using salt gradients. Concentrations of gradient chromatofocusing buffers used to
generate linear pH gradients are kept as low as possible to reduce routine maintenance of
the mass spectrometer and minimize the precipitation of solids within the instrument.
In this chapter, preliminary work in the development of a capillary gradient
chromatofocusing-mass spectrometry system is demonstrated by comparing the
separation and UV detection of a select group of proteins using linear pH gradients
developed with various buffer systems. Trials were conducted using a 508 mm i.d. weak
anion-exchange column with various buffer systems composed of different buffer
components and also different buffer concentrations. Data from these trials was evaluated
to select an optimized gradient chromatofocusing buffer system capable of generating
linear pH gradients on anion-exchange columns using the lowest concentrations possible
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to promote compatibility with mass spectrometry detection. Also included with these
studies is an in-depth investigation discussing how linear pH gradients are generated by
externally programming an HPLC system.

3.2 Experimental
3.2.1 Materials
3.2.1.1 Proteins
β-lactoglobulin A (from bovine milk, Catalog No. L-7880-25MG), β-lactoglobulin B
(from bovine milk, Catalog No. L-8005-25MG), trypsin inhibitor, Type 1-S (from
soybean, Catalog No. T9003-25MG), hemoglobin S, ferrous stabilized (from human,
Catalog No. H0392-25MG), and hemoglobin A0</SUB, ferrous stabilized (from human,
Catalog No. H0267-25MG) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Mixtures of these various proteins were prepared in solution using the application buffer
corresponding to the buffer system that was used to generate the specific gradient for
analysis.

All protein solutions were prepared on the day of use and stored in the

refrigerator at -6˚ C.

3.2.1.2 Buffer components
Ammonium bicarbonate (Catalog No. A-6141) and 2,4,6-trimethylpyridine (Catalog
No. 142387) from Sigma-Aldrich (St. Louis, MO, USA), pyridine (Catalog No. PX20201) from EM Science (Gibbstown, NJ, USA), concentrated ammonium hydroxide (Catalog
No. A669S-212) from Fisher Scientific (Fair Lawn, NJ, USA), glacial acetic acid
(Catalog No. 281000ACS) from Pharmco Products, Inc. (Brookfield, CT, USA) and 2-
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aminopyridine (Catalog No. A77989), 2,4 lutidine (Catalog No. L-3609), 2-nitrophenol
(Catalog No. N19702) and lactic acid, 85+%, solution in water (Catalog No. 25,247-6)
from Sigma-Aldrich (Milwaukee, WI, USA) were used to prepare the various buffer
systems shown in Table 5.
The different buffer components and concentrations making up the various buffer
systems in the Table 5 were prepared by adding the appropriate amounts of all
components to each buffer. All basic mobile phase buffers (high pH application buffers)
were adjusted with concentrated ammounium hydroxide to a pH of approximately 9 pH
units. Acidic mobile phase buffers (low pH elution buffers) were prepared without any
pH adjustment. Approximate pH values for the acidic buffers were 3 pH units.

3.2.1.3 Weak anion-exchange DEAE column
The columns used for evaluating the various buffer systems in this chapter are weak
anion-exchange DEAE columns with an inner diameter of 508 microns. Columns used
were packed and characterized in-house using the specific materials and procedures
discussed in detail in sections 2.2.1.3, 2.2.3.1 and 2.2.3.2 of Chapter 2.

3.2.1.4 On-line pH measurement system
The measurement of pH gradients was achieved using the on-line pH measurement
system consisting of a Denver Instruments pH meter Model 215 and a pair of flow-thru
microelectrodes including a pH microelectrode (Cat. No. 16-705) and a reference
microelectrode (Cat. No. 16-702) from Microelectodes, Inc. (Bedford, NH, USA). The
on-line pH measurement is discussed in detail in sections 2.2.1.4 of Chapter 2.
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Application Buffer

25 mM acetic acid
26 mM lactic acid

Elution Buffer

26% elution buffer (0-10 min)
26-100% elution buffer (10-59 min)
100% elution buffer (59-69 min)

HPLC Solvent Delivery Program

.

Table 5. Various buffer systems and the corresponding parameters used for programming the HPLC system to deliver the
appropriate proportions of elution buffer to generate linear pH gradients.

26 mM ammonium bicarbonate
26 mM pyridine

10 mM acetic acid
11 mM lactic acid

26% elution buffer (0-10 min)
26-100% elution buffer (10-59 min)
100% elution buffer (59-69 min)

10 mM ammonium bicarbonate
10 mM pyridine
5 mM 2,4,6-trimethylpyridine

15 mM ammonium bicarbonate
10 mM pyridine

10 mM acetic acid
10 mM lactic acid
5 mM pyridine

0-8% elution buffer (0-8 min)
22-31% elution buffer (8-12 min)
31-39% elution buffer (12-16 min)
39-100% elution buffer (16-59 min)
100% elution buffer (59-63 min)

 All application buffers were adjusted to an approximate pH of 9 using concentrated ammonium hydroxide.
 Preliminary to analysis, the HPLC column was equilibrated by flushing the column with approximately 10 column volumes of
application buffer.
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3.2.2 Procedures
3.2.2.1 Chromatographic design and procedure
The HPLC system used for analysis of proteins is shown in Figure. 22. The HPLC
system used consisted of two Shimadzu LC-10ADVP pumps controlled by a Shimadzu
SCL-10AVP system controller which was operated using Class VP version 5.03 software.
The HPLC system was programmed using various buffer systems shown in Table 5 to
increasingly deliver the appropriate proportions of acidic elution buffer to overcome the
buffering capacity of the column which was initially equilibrated using the specified
basic application buffer to generate linear pH gradients through a 508 micron i.d. weak
anion-exchange DEAE column. Efficient mixing of buffers delivered from both of the
HPLC pumps and minimization of delay time was achieved by replacing the 100 µl
standard Shimadzu mixer with a 10 µl Visco-Lee mixer. Samples were introduced onto
columns using a Rheodyne Model 8125 injection valve with a 5 µl sample loop from
Rainin (Woburn, MA). Weak anion-exchange DEAE columns were directly connected
to a Linear 204 UV detector equipped with a 250 nl flow cell. Absorbance values of
effluent flowing through the detector were collected in real time using a wavelength of
280 nm. Data acquisition using the Class VP software and Linear 204 UV detector was
made possible by installing a Shimadzu electronic circuit board (SS420 Digital to
Analogue Converter Board) in the Shimadzu SCL-10Avp system controller which allowed
communication between the external detector and the Shimadzu controller.

3.2.2.2 Linear pH gradient development
Preliminary to the analysis of proteins, linear pH gradients were developed using the
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Gradient
Pumping
System

Application
Buffer
(high pH)

Visco
Lee
Mixer
10 µl

Elution
Buffer
(low pH)

Injector
5 µl loop

Weak Anion
Exchange Column

DETECTION

Linear
204 UV-Vis
Detector
250 nl flow cell

Figure 22. Instrumental diagram of gradient chromatofocusing system using UV detection for analysis of proteins.
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various buffer systems shown in Table 5 by trial and error programming of various binary
gradients using the HPLC system. Limited by the reduced buffering capacity available
when using buffers with lower concentrations, sudden drops in pH could not simply be
eliminated by adjusting the proportions of buffers added by programming the HPLC
system as done previously when using buffer systems with buffer components at higher
concentrations ( > 25 mM). Additional parameters such as the initial pH of the
application buffer, concentrations of basic and acidic buffer components and the addition
of buffer components had to be considered in order to generate linear pH gradients using
buffers at the lower concentrations desired to promote mass spectrometry detection
compatibility.

3.3 Results
3.3.1 Separation of proteins using linear pH gradients
Linear pH gradients were developed for separating proteins by programming a HPLC
system to deliver the appropriate proportions of buffers from various buffer systems
shown in Table 5 to effectively generate linear pH gradients with an approximate slope of
0.10 ph units/minute through a 508 µm i.d. weak anion-exchange DEAE column.
Exhaustive efforts were expended to match these gradients as closely as possible for the
three buffer systems investigated so the separation of proteins could be compared
directly. pH gradients are shown on the secondary axis of Figures 23-25 with the
resulting chromatograms. Proteins separated include hemoglobin S, hemoglobin A, βlactoglobulin b, β-lactoglobulin a and trypsin inhibitor.
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Figure 23. UV chromatogram resulting from gradient chromatofocusing
analysis of proteins using a preliminary buffer system which included the
addition of a collidine buffer component to overcome difficulties when
generating linear pH gradients at lower concentrations desired.
Providing the separation desired, the collidine buffer system was not used
due to high absorbance of the collidine buffer component (shown in the
inset before baseline subtraction), short life of columns due to
interactions with this buffer system and innaccurate determination of
pKa values. Proteins separated include (1) hemoglobin S, (2) hemoglobin
A, (3) β-lactoglobulin b, (4) β-lactoglobulin a and (5) trypsin inhibitor.
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Figure 24. UV chromatogram resulting from gradient chromatofocusing
analysis of proteins using the 10 mM ammonium bicarbonate, pyridine,
acetic acid, and lactic acid buffer system chosen as the optimal system to
be used for interfacing with the mass spectrometer. This buffer system
was chosen opposed to other systems due to usage of buffer components
at the lowest concentrations possible that were most compatible with
mass spectrometry detection and also were capable of generating linear
pH gradients. This system was also more accurate than other systems for
the determination of pKa values for proteins. Proteins separated include
(1) hemoglobin S, (2) hemoglobin A, (3) β-lactoglobulin b, (4) βlactoglobulin a and (5) trypsin inhibitor.
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Figure 25. UV chromatogram resulting from gradient chromatofocusing
analysis of proteins using a 25 mM ammonium bicarbonate, pyridine,
acetic acid, and lactic acid buffer system. Used in the preliminary GCFMS work, the goal presented in this chapter is to modify this system to
include buffer components of lower concentrations to promote mass
spectrometry analysis despite difficulties encountered generating linear
pH gradients due to the loss of control of manipulating pH gradient
slopes. Proteins separated include (1) hemoglobin S, (2) hemoglobin A,
(3) β-lactoglobulin b, (4) β-lactoglobulin a and (5) trypsin inhibitor.
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3.3.2 pI determination of proteins
pI values were determined for proteins separated using the various buffer systems
shown in Figures 23-25. pI values shown in Table 6 were determined by converting the
retention times of proteins to pH units by finding the pH values corresponding to the
retention times of specific proteins during the preliminary pH gradient measurement
completed prior to analysis. Comparison of values in Table 6 shows the 10 mM buffer
system is most accurate for determining the pI of the basic proteins, hemoglobin s and
hemoglobin a and the 25 mM buffer system is most accurate for determining the pI of the
acidic proteins, β-lactoglobin b, β-lactoglobulin a and trypsin inhibitor. Experimental pI
values found using the 10 mM buffer system were approximately half a pH unit higher
than theoretical expectations whereas pI values determined using the 25 mM buffer
system were approximately 0.75 pH units lower than theoretical expectations.
With determination of pI values using gradient chromatofocusing being approximate,
numerous variables must be considered to account for deviations from the true pI value.
Charged proteins bind to oppositely charged stationary phase functional groups of the
column only at the surface. With the possibility that charges may exist within the interior
of the protein, experimental pI values can be higher or lower than theoretically expected
due to early elution of proteins with ineffective charges in regions that are not in contact
with charged functional groups of the packing material that would otherwise bind and
retain the protein until the pH equals the pI of the protein by definition.

3.3.3 Peak widths of proteins
Peak widths were measured for proteins separated using the various buffer systems in

85

β-Lactoglobulin a

β-Lactoglobulin b

Hemoglobin A

Hemoglobin S

Protein

3.58

4.09

4.41

7.57

7.92

10 mM1

3.85

4.26

4.55

7.79

8.08

25 mM2

5.69

6.31

6.71

8.39

8.47

10 mM with collidine3

4.61a

5.13 (11)

5.23 (11)

6.95 (10)

7.25 (10)

Theoretical pI

Table 6. pK a values for proteins separated using various buffer systems.

Trypsin Inhibitor

1
15 mM ammonium bicarbonate, 10 mM pyridine application buffer and 10 mM acetic acid, 11 mM lactic acid elution buffer
2
26 mM ammonium bicarbonate, pyridine application buffer and 25 mM acetic acid, 26 mM lactic acid elution buffer
3
10 mM ammonium bicarbonate, pyridine, 5 mM 2,4,6 trimethylpyridine (collidne) application buffer and 10 mM acetic acid,
10 mM lactic acid, 5 mM pyridine elution buffer
a

Calculated by PeptideMass program of the Expert Protein Analysis System (ExPASy) of the Swiss Institute of Bioinformatics
(http://us.expasy.org)
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Figure 26. Bar graph of peak widths measured in pH units for various
proteins separated using 10 mM, 25 mM and a 10 mM buffer system
with the addition of collidine.
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Figures 23-25. Initially measured in time units, peak width measurements were
converted to pH units by converting the peak start and peak stop times at half height to
pH units by finding the pH values corresponding to these start and stop times during the
preliminary pH gradient measurement completed prior to analysis. Peak widths
measured in pH units were compared using the bar graph in Figure 26. From this bar
graph, peak widths for basic proteins, hemoglobin S and hemoglobin A are found to be
two to three times narrower when separated with the 10 mM buffer systems which
contains collidine compared to the other buffer systems whereas no significant reduction
in peak width is observed when comparing peak width values for the acidic proteins, βlactoglobin b, β-lactoglobulin a and trypsin inhibitor.

3.3.4 Resolution of proteins
Resolution of specific protein peaks separated using the various buffer systems were
compared using the bar graph shown in Figure 27. As no significant improvements were
seen when comparing peaks eluting in the acidic region of the gradient, resolution tended
to increase slightly for basic proteins separated using the 10 mM buffer system compared
to the 25 mM buffer system and the 10 mM buffer system with collidine added.

3.4 Discussion
3.4.1 Linear pH gradients

An important advantage for using gradient chromatofocusing to separate proteins is the
ability to generate linear pH gradients using buffers composed of high concentrations by
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Figure 27. Bar graph showing resolution for various proteins
separated using 10 mM, 25 mM and a 10 mM buffer system with the
addition of collidine.
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programming a HPLC system to gradually introduce elution buffer. Providing greater
control of the slope and linearity of pH gradients and enhancing resolution in gradient
chromatofocusing systems using UV detection, buffer systems made up of higher
concentrations are least compatible with mass spectrometry detection. Many challenges
were faced developing an optimal gradient chromatofocusing-mass spectrometry buffer
system with the ability to generate linear pH gradients while being made up of the lowest
concentrations possible to promote mass spectrometry compatibility.
Difficulties were encountered when generating linear pH gradients using buffers with
lower concentrations. Sharp changes in pH occurred in regions of gradients as shown in
Figure 28 due to reduced buffering capacities associated with lower buffer
concentrations. Differing from similar non-linear and cascading pH gradients
encountered by investigators limited to low concentration buffers used with conventional
chromatofocusing in the past, gradients could be adjusted by programming an HPLC
system as shown in Figure 29 to gradually deliver different proportions of buffers to
provide the appropriate buffering to reduce large changes in pH. The importance of
reducing large changes in pH is demonstrated by comparing separations of proteins in
Figure 30.

3.5 Conclusions
The present work demonstrates the ability to generate linear pH gradients using buffer
systems with concentrations as low as 10 mM. Reduced from the initial 25 mM buffer
system introduced with a gradient chromatofocusing-mass spectrometry system (3) and
most desirable for mass spectrometry compatibility, the 10 mM buffer system used to
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Figure 28. . Gradients using approximate 5 and 10 mM buffer
systems. Both gradients were generated by programming a HPLC
system to deliver 27% B for 9 min, 27-67% B over 28 min, 67-100 %B
over 20 min using a 508 µm i.d. DEAE ion-exchange column.
Differing in generating these gradients are the concentrations of the
buffers used. The loss of buffering capacity is demonstrated in this
figure as large nonlinear changes in pH are observed for the gradient
generated using the 5 mM buffer system.
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Figure 29. Gradients resulting from HPLC gradient programming.
Demonstrated above is the reduction of a large pH change by
increasing buffering by programming an HPLC instrument to
decrease the reduction of this buffering component contained in the
application buffer at a slower rate. Programs in the key above
represent the percentage of elution buffer that is delivered over the
specified time given in parenthesis. Both gradients were generated
using a 10 mM buffer system.
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Figure 30. Significance of linear pH gradients. Chromatograms
above show the enhanced performance achieved when using (A) linear
pH gradients as opposed to a (B) non-linear pH gradients. Proteins
separated include (1) hemoglobin S, (2) hemoglobin A, (3) βlactoglobulin B, (4) β-lactoglobulin A and (5) trypsin inhibitor.
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separate and detect proteins by means of a UV detector was selected for further capillary
column studies using mass spectrometry detection in chapter 4. Other buffer systems
were also considered to ease difficulties encountered when generating linear pH gradients
with the 10 mM buffer system. These alternate buffer systems, including a 25 mM buffer
system and a 10 mM buffer system with additional buffering provided by the addition of
collidine were not selected to be used with the capillary gradient chromatofocusing-mass
spectrometry system due to the higher concentrations of components involved with the 25
mM buffer system and the frequent clogging of columns due to incompatibilities with the
additional collidine buffer component included with the modified 10 mM buffer system.
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Chapter 4 Capillary Gradient Chromatofocusing-Mass Spectrometry

4.1 Introduction
Strong interests in interfacing chromatography techniques with mass spectrometry for
protein analysis have grown with the recent introduction of electrospray ionization (ESI).
(1,2) Requiring flow rates and buffer components to be compatible with MS detection,
capillary reversed-phase chromatography is commonly used in an off-line format to
separate and introduce peptide fragments resulting from the digestion of proteins
separated using 2D gel electrophoresis into the mass spectrometer to determine peptide
sequences using tandem mass spectrometry analysis. (3,4) Despite high resolving power,
2D gel electrophoresis is limited by the dynamic range of detection of low abundance
proteins, (5.6) poor reproducibility of protein expression patterns due to changing
experimental conditions (7) and detection of proteins of poor solubility, very small or
large size and extreme pI. (8) Alternative charge based approaches using capillary
electrophoresis (9) and ion-exchange chromatography (10) have been introduced to
overcome limitations in an on-line format to further reduce the time and labor required
when using 2D gel electrophoresis procedures.
Complementary to 2D gel electrophoresis, capillary electrophoresis and ion-exchange
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chromatography are commonly used to separate proteins according to charge.
Commonly utilized in a two dimensional configuration, proteins (11) and peptides
(12,13) have been separated using ion-exchange chromatography by fractionating
proteins and peptides within certain pH intervals. Each fraction of analytes is further
separated using reversed-phase chromatography and directly interfaced with the mass
spectrometer. Ion-exchange/reversed-phase chromatography of proteins has been further
demonstrated off-line using linear pH gradients with an ion-exchange chromatography
technique called chromatofocusing. (14) Similar studies were performed on-line using
capillary columns in anticipation of developing compatibility between ion-exchange and
reversed-phase dimensions. (15)
Differing from ion-exchange chromatography, proteins were separated and detected
using capillary isoelectric focusing directly interfaced with mass spectrometry.
Demonstrated in the detection of 400 to 1000 proteins in the E.Coli proteome, (16)
capillary isoelectric focusing-electrospray ionization-mass spectrometry (CIEF-ESI-MS)
can be utilized for proteomic characterization. Problematic due to the suppression of
mass spectrometry signal (17) caused by the use of ampholyte buffers required to
minimize peak widths of proteins separated, CIEF-ESI-MS is limited to low
concentrations of ampholyte buffers or by removal or dilution of ampholyte buffers using
configurations including microdialysis chambers (18,19) and sheath-flow interfaces. (20)
Further demonstrating charge based separations directly interfaced with mass
spectrometry, gradient chromatofocusing-electrospray ionization-mass spectrometry
(gCF-ESI-MS) was introduced as the first ion-exchange chromatography technique
directly interfaced with mass spectrometry. (21) Developed from a conventional

98

chromatofocusing technique (22-25) used primarily for separating proteins, gradient
chromatofocusing employs linear pH gradients developed by externally programming an
HPLC system to deliver the appropriate proportions of low molecular weight buffer
components to overcome buffering limitations using ion-exchange columns. (26-29)
Advantageous compared to conventional chromatofocusing and other salt elution ionexchange techniques, gradient chromatofocusing employs volatile buffer components
which are compatible with mass spectrometry.
In this chapter, an optimized capillary gradient chromatofocusing-mass spectrometry
system (cGF-MS) is introduced. The optimized system includes a 255 µm i.d. DEAE
capillary column and a specialized buffer system composed of a 15mM ammonium
bicarbonate and 10 mM pyridine application buffer adjusted to a pH of 9 with
concentrated ammounium hydroxide and a 10 mM acetic acid and 11 mM lactic acid
elution buffer. The gCF-MS technique is demonstrated using the optimized system to
separate a mixture of five proteins to include hemoglobin S, hemoglobin A, βlactoglobulin b, β-lactoglobulin a and trypsin inhibitor. Proteins were detected and
identified by molecular mass. Advantageous compared to previous work done with a 2.1
mm i.d. narrow bore column is the ability to improve sensitivity and detection limits by
directly configuring the 255 µm i.d. capillary column to the mass spectrometer without
using a flow splitting configuration. Buffer concentrations used to create linear pH
gradients were reduced approximately in half compared to previously used buffer
systems to further improve mass spectrometry compatibility and minimize maintenance
of the instrument.
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4.2 Experimental
4.2.1. Materials
4.2.1.1 Proteins
Carbonic anhydrase II (from bovine erythrocytes, Catalog No. C-3640), enolase (from
baker’s yeast, Catalog No. E-6126), β-lactoglobulin a (from bovine milk, Catalog No. L7880-25MG), β-lactoglobulin b (from bovine milk, Catalog No. L-8005-25MG), trypsin
inhibitor, Type 1-S (from soybean, Catalog No. T9003-25MG), amyloglucosidase (from
Aspergillus niger, Catalog No. A-7420), hemoglobin S, ferrous stabilized (from human,
Catalog No. H0392-25MG), and hemoglobin A0</SUB, ferrous stabilized (from human,
Catalog No. H0267-25MG) were obtained from Sigma-Aldrich (St. Louis, MO, USA). A
mixture of these various proteins containing 0.089 µg/µl carbonic anhydrase, 0.22 µg/µl
enolase, 0.089 µg/µl β-lactoglobulin b, 0.18 µg/µl β-lactoglobulin a, 0.244 µg/µl trypsin
inhibitor and 0.311 µg/µl amyloglucosidase was prepared in solution using the 25 mM
ammonium bicarbonate and pyridine application buffer that was used to generate the
gradient to be used for analysis with the 2.1 mm i.d. column. Mixtures of hemoglobin S,
hemoglobin A, β-lactoglobulin b, β-lactoglobulin a and trypsin inhibitor ranging from 1.5
µg/ml – 3.0 mg/ml were prepared in solution using the 10 mM ammonium bicarbonate
and 15 mM pyridine application buffer that was used to generate the gradient to be used
for analysis with the 255 µm i.d. column. All protein solutions were prepared on the day
of use and stored in the refrigerator at -6˚ C.

4.2.1.2 Buffer components
Ammonium bicarbonate (Catalog No. A-6141) from Sigma-Aldrich (St. Louis, MO,
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USA), pyridine (Catalog No. PX2020-1) from EM Science (Gibbstown, NJ, USA),
concentrated ammonium hydroxide (Catalog No. A669S-212) from Fisher Scientific (Fair
Lawn, NJ, USA), glacial acetic acid (Catalog No. 281000ACS) from Pharmco Products,
Inc. (Brookfield, CT, USA) and lactic acid, 85+%, solution in water (Catalog No. 25,2476) from Aldrich (Milwaukee, WI, USA) were used to prepare buffers.
Basic mobile phase buffers (high pH application buffer) were prepared by making a 10
mM ammonium bicarbonate and 15 mM pyridine solution and also a 25 mM ammonium
bicarbonate and 25 mM pyridine solution which were both adjusted with concentrated
ammonium hydroxide to an approximate pH of 9 to be used for analysis with the 255 µm
i.d. and 2.1 mm i.d. columns, respectively. Acidic mobile phase buffers (low pH elution
buffer) were prepared by making a 10 mM acetic acid and 11 mM lactic acid solution and
also a 25 mM acetic acid and 25 mM lactic acid solution which were also used for
analysis with the 255 µm i.d. and 2.1 mm i.d. columns, respectively. Both of the acidic
elution buffers were prepared at an approximate pH of 3 without any adjustment.

4.2.1.3 Weak anion-exchange DEAE column
Capillary and narrow bore weak anion-exchange DEAE columns were used for gradient
chromatofocusing-mass spectrometry analysis of proteins. Capillary columns (100 mm x
0.255 mm i.d.) were packed and characterized in-house using the specific materials and
procedures discussed in detail in sections 2.2.1.3, 2.2.3.1 and 2.2.3.2 of Chapter 2.
Previous to developments of capillary gradient chromatofocusing, weak anion-exchange
narrow bore columns (2.1 µm i.d. x 50 cm) were packed using a Slurry Packer (Model
1666) from Alltech Associates, Inc. (Deerfield, IL, USA).
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4.2.2 Procedures
4.2.2.1 Chromatographic design and procedure
Gradient chromatofocusing-mass spectrometry analysis of proteins using capillary and
narrow bore columns was achieved using the instrumental configurations and parameters
shown in Table 7. The instrumental configuration used for analysis of proteins using
capillary columns is further shown in Figure 31. The HPLC system used for capillary
column analysis consisted of two Shimadzu LC-10ADVP pumps from Shimadzu
Scientific Instruments (Columbia, MD) that were programmed manually by internally
connecting the two pumps together and defining one pump as the master and the other as
the slave. Responsible for the delivery of mobile phase, the stepper motors driving the
pistons contained within the pumps were electronically modified by a service technician
from the Shimadzu Corporation to provide accurate and precise delivery of gradients at
the low flow rates required for analysis with capillary chromatography columns. Linear
pH gradients were generated at 10 µl/min through 255 µm i.d. capillary columns packed
with DEAE weak anion-exchange packing material by configuring and programming the
HPLC system as shown in Table 7 to increasingly deliver the appropriate proportions of
acidic elution buffer to overcome the buffering capacity of the column which was
initially equilibrated using the basic application buffer. Efficient mixing of buffers
delivered from both of the HPLC pumps and minimization of delay time were achieved
by replacing the standard 100 µl Shimadzu mixer with a 10 µl Visco-Lee mixer. Samples
were introduced onto capillary columns using a Rheodyne Model 8125 micro-scale
injector with a 5 µl sample loop from Rainin (Woburn, MA). Effluent flowing from
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2.1 mm x 5 cm

Narrow bore

0.255 µm x 10 cm

26% B for 10 minutes
26% to 100%B for 49 min

25 mM

9:1 post-column flow split

10 µl/min

~ 10 mM*

Direct

200 µl/min column
45 µl/min mass spectrometer

Capillary

Table 7. HPLC operating parameters and conditions are listed for capillary and narrow bore gradient chromatofocusingmass spectrometry (gCF-MS) systems.

gCF-MS systems

Column dimensions (i.d. x length)

Flow rate

Means of achieving flow rate

Buffer component concentration

HPLC programming

38% B for 4 minutes
38% to 41% B for 10 min
41% to 51% B for 4 min
51% to 61% B for 10 min
61% to 95% B for 14 min
95% to 100% B for 8 min

 Buffer systems consist of an ammonium bicarbonate and pyridine application buffer and a lactic and acetic acid elution buffer.
15 mM ammonium bicarbonate and 11 mM lactic acid concentrations were used with the 10 mM buffer system.

.
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Application
Buffer
(high pH)

Visco
Lee
Mixer
10 µL

Elution
Buffer
(low pH)

Injector
5 µl

Weak Anion
Exchange Column

Tee

DETECTION

HPLC

(10 µl/min) Pump
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Quattro II
Triple Quadrupole
Mass Spectrometer

(10 µl/min)

Signal
Enhancement
Solution

Figure 31. Instrumental diagram of the capillary gradient chromatofocusing system. A Shimadzu 10ADvp HPLC
system is used for accurate and precise gradient delivery of buffers at 10 µl/min directly through a capillary column
(255 µm i.d.) without using flow splitting into a Micromass Quattro II triple quadrupole-mass spectrometer. Proteins
are introduced using a Rheodyne micro-scale injector with a 5 µl injection loop. Novel for detecting proteins using
mass spectrometry, effluent from the column is mixed 1:1 with an acetonitrile solution containing 8% formic acid.

Gradient
Pumping
System

(20 µl/min)

weak anion-exchange DEAE capillary columns was mixed on-line 1:1 with a signal
enhancement solution consisting of 8% formic acid in acetonitrile using a tee before
entering a Micromass Quattro II triple quadrupole mass spectrometer from Waters
(Milford, MA). Addition of the signal enhancement solution by means of an additional
Shimadzu 10ADvp pump from Shimadzu Scientific Instruments (Columbia, MD) was
necessary to enhance total ion current (TIC) and mass spectrometric signal.
Differing from the capillary gradient chromatofocusing-mass spectrometry
configuration, narrow bore columns were configured using the flow-splitting
configuration shown in Figure 32. Gradients were delivered at 200 µl/min using an HP
1100 HPLC gradient system from Agilent (Palo Alto, CA). Samples were introduced
onto 2.1 mm i.d. weak anion-exchange columns using an HP 1100 Autosampler from
Agilent. Effluent flowing from weak anion-exchange DEAE capillary columns was
mixed on-line 1:1 with a signal enhancement solution consisting of 8% formic acid in
acetonitrile using a 10 µl Visco-Lee mixer to give a total flow rate of 400 µl/min before
being split 9:1 to provide a reduced flow of 45 µl/min into the Micromass Quattro II
triple quadrupole mass spectrometer from Waters (Milford, MA) and 355 µl/min into a
HP 1100 UV detector from Agilent.

4.2.2.2 Mass Spectrometry Conditions
Parameters for the Micromass Quattro II triple quadrupole mass spectrometer were set
as following. The detection mode was positive. The source temperature was 90º C. The
quadrupole was scanned from 800 to 2500 m/z in 3.5 s. Cone voltage was ramped
linearly from 40 to 90 volts during scans. Capillary voltage was set at 3.5 kilovolts. The
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Application
Buffer
(high pH)

Auto
Sampler

Elution
Buffer
(low pH)

Weak Anion
Exchange Column (0.2 ml/min)

(45 µl/min)

(355 µl/min)

(0.2 ml/min)

DETECTION

Quattro II
Triple Quadrupole
Mass Spectrometer

UV Detector

HPLC
Pump
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Splitter

Visco
Lee
Mixer
10 µl

Signal
Enhancement
Solution

Figure 32. Instrumental diagram of a narrow bore gradient chromatofocusing system. Flow rates of 200 µl/min were
delivered through a normal-bore column (2.1 mm i.d. x 5 cm) using a HP 1100 HPLC gradient system. Reduced at a
9:1 ratio using a post-column splitter, effluent was introduced into a Micromass Quattro II mass spectrometer at 45
µl/min. Proteins are introduced using an HP 1100 autosampler. Novel for detecting proteins using mass spectrometry
detection, effluent from the column is mixed 1:1 with an acetonitrile solution containing 8% formic acid.

Gradient
Pumping
System

(0.4 ml/min)

nitrogen nebulizer gas had a flow rate of 300 L/h. The mass spectrometer was also
calibrated before running samples with capillary and narrow bore weak anion exchange
columns using a procedure provided by the manufacturer, using myoglobin as a reference
standard.

4.2.2.3 Mass Spectrometry Data Analysis
Data was analyzed using MassLynx version 3.3 from Waters. Chromatograms were
processed as follows: half-width of the smoothing window, ± 3 scans; number of
smooths, 2; smoothing method, mean. Mass spectra were obtained by combining data
scans over the half-height of the peak. MaxEnt parameters were set at default values:
uniform Gaussian algorithm at a width-at-half–height, 0.750 Da; mass range, 5000 to
100000 Da; resolution, 1.0 Da/channel; minimum intensity channels, 33% for both left
and right. Processed data is shown in Figure 33.

4.3 Results and Discussion
4.3.1 Sensitivity gains using narrow bore and capillary gCF-MS systems
Sensitivity gains were determined using TIC chromatograms for narrow bore (2.1 mm
i.d.) and capillary (255 µm i.d.) columns shown in Figure 34. Sensitivity gains were
determined by measuring peak heights and dividing the TIC signal (peak height) by the
amount of each protein injected. Sensitivity gains shown in Figure 35.were improved 9.8
to 32 fold for acidic proteins. Sensitivity gains could not be determined for basic proteins
because different proteins were selected for analysis with capillary and normal bore gCFMS systems.
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Figure 33. Chromatograms (A) were processed without background
subtraction and by smoothing according to the following parameters; ±3
scans, 2 smooths and a mean smoothing method. By selecting a peak from
the chromatogram (A), mass spectra (B) were generated by combining
continuum data scans over the half-height portion of the peak. MaxEnt
parameters were set at default values: uniform Gaussian algorithm at a
width-at-half-height, 0.750 Da; mass range, 5000 to 100,000 Da;
resolution, 1.0 Da/channel; miniumum intensity channels, 33% for both
left and right. A molecular weight of 18270 Da was determined

108

2.6

9
8

2.0

7
3 4

1.4

1

6

2

pH

rel int x 10

8

A

5
5

0.8

4
3

0.2

2

0

10

20

30

40

50

60

70

min

2.6

9
8

4

2.0

7

6
3

7

1.4

5

6
5

8

4

0.8

3

0.2

2

0

10

20

30

40

50

60

70

min

Figure 34. TIC chromatograms using (A) 255 µm i.d. and (B) 2.1 mm i.d.
DEAE weak anion exchange columns are shown. Proteins separated
include (1) hemoglobin S (2) hemoglobin A (3) β-lactoglobulin b, (4) βlactoglobulin a and (5) trypsin inhibitor, (6) carbonic anhydrase, (7)
enolase and (8) amyloglucosidase.
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Figure 35. Comparison of normalized TIC signal for capillary and
normal bore gCF-MS systems. Sensitivity gains were demonstrated by
comparing the TIC signal (peak heights) for acidic proteins separated
using capillary and normal bore (0.255 and 2.1 mm i.d. columns) gCF-MS
systems. Proteins compared include β-lactoglobulin b , β-lactoglobulin a,
and trypsin inhibitor. Different basic proteins were separated with
capillary and normal bore gCF-MS systems therefore no comparison
could be made.
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Differing from previous UV sensitivity studies completed in Chapter 2, sensitivity
gains for capillary and normal bore gCF-MS systems could not be directly coorelated to
the diameters of the columns used because other variables shown in Table 7 were
changed besides the diameter of the column. Unlike the direct introduction of effluent
into the mass spectrometer using the capillary column, the larger normal bore column
(2.1 mm i.d.) was operated at flow rates of 200 µl/min which could not be directly
introduced into the mass spectrometer therefore requiring post-column flow splitting to
that would not overwhelm the MS vacuum system and promote ionization efficiency.
Other variables include the use of the gCF-MS buffer system with reduced buffer
concentrations and columns doubled in length in addition to the diameter reduction for
the capillary gCF-MS system. Sensitivity cannot be directly correlated to the ratio of the
diameters of the columns. Sensitivity gains were unable to reported for basic proteins
because different basic proteins were selected for analysis using the capillary gCF-MS
system.

4.3.2 Detection limits using narrow bore and capillary gCF-MS systems
Detection limits for normal bore and capillary gCF-MS systems are shown in Table 8.
Detection limits were determined by finding and selecting peaks from TIC
chromatograms of specified amounts of protein injected that were barely detectable
(those with signal to noise ratios that were nearest to 3:1). The ratios of the amount of
protein injected to signal obtained for peaks nearest the detection limit were multiplied by
three times noise levels to find the amounts of protein needed to, by definition, be
detected at signal to noise ratios of 3:1. With an approximate 10-fold detection limit
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Table 8. Detection limit determination using capillary and normal bore gCF-MS
systems. Detection limits were determined for the specified proteins using capillary
(255 µm i.d.) and normal bore (2.1 mm i.d.) columns. Comparisons of detection
limits for the acidic proteins were enhanced approximately 10 fold.

Proteins

255 µm i.d. column

hemoglobin S

1.1 pmol

hemoglobin A

0.90

carbonic anhydrase

2.1 mm i.d. column

4.2 pmol

enolase

17

β–lactoglobulin b

0.96

8.6

β–lactoglobulin a

1.03

11

trypsin inhibitor

6.2

63
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improvement for acidic proteins, theoretical expectations could not be determined due to
variables discussed in 4.3.1 in addition to the diameters of columns changing.

4.3.3 Peak widths using narrow bore and capillary gCF-MS systems
Peak widths measured at half-height for proteins separated using capillary and normal
bore gCF-MS systems are shown in Table 9. Peak widths at half height were measured
using the TIC chromatograms shown in Figure 34. Measured in both units of time and
pH, peak widths at half height were determined in pH units by determining the slope
between pH data points acquired over two minute intervals in the pH gradient and
interpolating to find the pH at initial and final endpoints of peaks at half height. Wider
peak widths at half height were observed for separations using the 255 µm i.d. column as
opposed to the 2.1 mm i.d. column. Differing from the normal bore gCF-MS system
employing a 2.1 mm i.d. column, the capillary gCF-MS system included buffers with
lower concentrations and linear pH gradients with shallower slopes. In opposition to
narrower peaks obtained when using lower buffer concentrations and shallower pH
gradient slopes due to enhanced focusing, (28,29) peaks widths were wider when using
the capillary gCF-MS sytems (10 mM buffers, pH gradient slope = 0.0991 pH/min) in
comparison to the normal bore gCF-MS system (25 mM buffers, pH gradient slope =
0.128 pH/min) Possible explanations for peak broadening include the significance of
extra column volume associated with the capillary system that would be considered
negligible when using the normal bore column.
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Table 9. Peak widths at half-height for capillary and normal bore columns. Peak
widths at half height in units of time and pH for capillary (255 µm i.d.) and normal
bore (2.1 mm i.d.) columns are displayed.

Proteins

pk width (half height)
minutes

pk width (half height)
pH units

255 µm

255 µm

2.1 mm

2.1 mm

carbonic anhydrase

1.68

*

enolase

2.31

0.25

hemoglobin S

3.42

0.25

hemoglobin A

1.78

0.26

β-lactoglobulin b

1.72

1.11

0.16

0.23

β-lactoglobulin a

2.30

1.04

0.19

0.16

trypsin inhibitor

1.85

1.02

0.18

0.18

* Peak width undetermined due to peak being in the plateau region of pH gradient.
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Table 10. pI determination using capillary (255 µm i.d.) and normal bore (2.1 mm
i.d.) gCF-MS systems. In addition it is important to note that the capillary system
used a 10 mM buffer systems whereas the normal bore used a 25 mM buffer
system.

experimental pI

Proteins

255 µm

theoretical pI

2.1 mm

carbonic anhydrase

9.03

5.40a

enolase

8.35

6.10 (30)

hemoglobin S

7.75

7.25 (31)

hemoglobin A

7.25

6.95 (31)

β-lactoglobulin b

4.40

4.72

5.23 (32)

β-lactoglobulin a

4.09

4.40

5.13 (32)

trypsin inhibitor

3.64

3.87

4.61b

a
b

From manufacturer’s technical information.
Calculated by PeptideMass program of the Expert Protein Analysis System (ExPASy)
of the Swiss Institute of Bioinformatics (http://us.expasy.org).
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4.3.4 pI determination using narrow bore and capillary gCF-MS systems
pI values were determined for proteins separated using the various gCF-MS systems
shown in Figure 34. pI values listed in Table 10 were determined by converting the
retention times of proteins to pH units by finding the pH values corresponding to the
retention times of specific proteins by interpolating pH measurements taken every two
minutes during preliminary pH gradient measurements completed prior to analysis.
Comparison of pI values in Table 10 shows that the 25 mM buffer system used with the
2.1 mm i.d. normal bore column is more accurate than the 10 mM buffer system used
with the 255 µm i.d. capillary column for determining the pI of the acidic proteins, βlactoglobin b, β-lactoglobulin a and trypsin inhibitor. Basic proteins could not be
compared since different proteins were selected for analysis with the different gCF-MS
systems, however similar to pI determinations using UV detection, experimental pI
values determined for both basic proteins, hemoglobin S and hemoglobin A tended to be
slightly higher than theoretical values.

4.3.4 Molecular mass determination using narrow bore and capillary gCF-MS
Molecular masses were determined for proteins separated by generating scanning and
deconvoluted mass spectra as described in 4.2.2.3. Matching theoretical values within
±0.010 to 0.038% (±100 to 380 ppm), molecular masses of proteins were determined
from scanning and deconvoluted mass spectra using the normal bore gCF-MS system
shown in Figures 36 and 37. Matching theoretical values within ±0.027 to 0.066% (±270
to 660 ppm), molecular masses of proteins were determined from scanning and
deconvoluted mass spectra using the capillary gCF-MS system shown in Figures 38 and
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Figure 36. Scanning (left) and deconvoluted (right) mass spectra are shown for
basic proteins analyzed using the normal bore GCF-MS system (2.1 mm i.d.
column). Proteins analyzed include carbonic anhydrase (CA) and enolase (EN).
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Figure 37. Scanning (left) and deconvoluted (right) mass spectra are shown for
acidic proteins analyzed using the normal-bore GCF-MS system (2.1 mm i.d.
column). Proteins analyzed include β-lactoglobulin b (LB), β-lactoglobulin a (LB)
and trypsin inhibitor (TI).
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Figure 38. Scanning (left) and deconvoluted (right) mass spectra are shown for
basic proteins analyzed using the capillary GCF-MS system (255 µm i.d. column).
Proteins analyzed include hemoglobin S (HS) and hemoglobin A (HA).

119

8.0

1.0
7

rel int x 10

rel int x 10

5

LB

12+

4.0

0.0
800

1600
m/z

2400

6

rel int x 10

12+

3.0

23000

LA
18357

2.0

0.0
1600
m/z

2.0

2400

13000

18000
mw

4.0
rel int x 10

14+

23000

TI
19972

5

TI

5

1.0

18000
mw

4.0

LA

5

rel int x 10

0.5

13000

0.0

rel int x 10

18272

0.0

6.0

800

LB

2.0

20084

0.0
800

0.0
1600
m/z

2400

15000

20000
mw

25000

Figure 39. Scanning (left) and deconvoluted (right) mass spectra are shown for
acidic proteins analyzed using the capillary GCF-MS system (255 µm i.d. column).
Proteins analyzed include β-lactoglobulin b (LB), β-lactoglobulin a (LB) and trypsin
inhibitor (TI).
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39. In addition, β-lactoglobulin b and β-lactoglobulin a adducts with additional mass
corresponding to one lactate and four acetate molecules were identified matching
theoretical values within ±0.081 to 0.086% (±810 to 860 ppm) in the deconvoluted
spectra in Figure 37.
Advantageous compared to UV detection, mass spectrometry is demonstrated as protein
isoforms coeluting within one peak are differentiated and the identity of separated
proteins differing by one amino acid residue are confirmed more judiciously by
molecular weight as opposed to retention time commonly used with UV detection.
Proteins with subunit components (β-lactoglobulin b, β-lactoglobulin a, enolase,
hemoglobin S and hemoglobin A) were determined as their subunit molecular masses.
Isoforms of trypsin inhibitor with measured molecular masses of 20,084 and 19,972
corresponding to intact trypsin inhibitor and a fragment of trypsin inhibitor with leucine
cleaved off at the C-terminus were identified from peak 5 labeled in the TIC
chromatogram in Figure 35-A. Differing by substitution of two amino acids, βlactoglobulin a and β-lactoglobulin b (glycine and alanine in place of aspartate-64 and
valine-114) separated as peaks 3 and 4 in Figure 35-A were also confirmed by measured
molecular masses of 18357, and 18,272 corresponding to the deduced mass difference of
the substituted amino acids. Differing by substitution of one amino acid, hemoglobin A
and hemoglobin S (valine in place of glutamate at the sixth position of a β sub-unit)
separated as peaks 1 and 2 in Figure 35-A were also confirmed by measured molecular
masses of 15,864 and 15,835 of β sub-units corresponding to the deduced mass difference
of the substituted amino acid.
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4.4 Conclusions
Development of an optimal capillary gCF-MS system was successfully configured
using capillary columns (255 µm i.d.) introduced in preliminary UV studies in Chapter 2
and an optimal buffer system (~ 10 mM ammonium bicarbonate, pyridine, lactic acid and
acetic acid) selected from various UV trials in Chapter 3. In comparison to previous
work completed using normal bore gCF-MS system, sensitivity gains and detection limits
were improved using the capillary gCF-MS system for acidic proteins. Detection limits
for all of the proteins were approximately 1 pmol to include basic proteins (hemoglobin S
and hemoglobin A) and acidic proteins (β-lactoglobulin b and β-lactoglobulin a) with the
exception of a higher detection limit of 6.2 pmol for trypsin inhibitor Molecular mass of
proteins were determined using the capillary gCF-MS system within the reported
accuracy of quadrupole MS techniques (0.01% to 0.04%) except for hemoglobin S α
subunit determined within ±0.066%. Approximate pI values were determined for
proteins. Capable of separating and identifying proteins by pI and molecular weight,
capillary gradient chromatofocusing-mass spectrometry shows promise for future studies.
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